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xxi 
Sixteeen sets of original laboratory data collected by 
many investigators for various Cutthroat flume sizes are 
thoroughly reviewed and organized. Best-fit discharge 
parameters are obtained by performing the free-flow analysis 
and the submerged-flow analysis. Then, the transition 
submergence can be calculated. Afterwards, the unified free-
flow and submerged-flow discharge parameter s are developed for 
each flume size in order to generalize the calibrations for 
Cutthroat flumes. This is a very tedious proces s requiring a 
trial-and-error approach. Finally, comparison s are made of 
the measured laboratory discharges with the predicted 
discharges for both free flow and submerged flow using both 
the best-fit and the unified discharge parameters. 
The results proved quite good as measured by the standard 
deviation for each flume size. In most cases, the average 
standard deviation using the unified discharge parameters was 
only slightly greater than when using the best-fit discharge 
xxii 
parameters. However, there is a significant difference in the 
accuracy of free-flow measurements compared with submerged-
flow measurements. Using the unified discharge parameters, 
the mean standard deviation for all of the flumes was 2.1 





A Cutthroat flume is a device used for measuring the flow 
rate in open channels. Professor G. V. Skogerboe and his 
colleagues and students (Skogerboe et al., 1967c) first 
developed this measuring device at Utah State University. 
Further research was conducted at Colorado State University 
(Bennett, 1972) and then again at Utah State University 
(Henry, 1990). 
The Cutthroat flume has certain advantages over other 
flumes. Its main characteristics are as follows. 
1. Easy to construct because of straight sides, level 
bottom, and s imple angles. 
2. Fairly accurate (same as other flow measuring 
flum e s), and the discharge rating for intermediate sizes can 
be predicted. 
3. Can be constructed of sheet metal or plastic for 
portability. 
4 . Can be made in many sizes for measuring flows in 
large canals, head ditches, or small furrows. 
Purpose 
The calibrations for Cutthroat flumes need to be 
improved, although some work has already been done. For 
convenience, there is a need for a more unified set of 
relations between flow rate and water depths for different 
2 
sizes of Cutthroat flumes commonly used both in free-flow and 
submerged-flow regimes. 
Objective 
The objective of this study is to develop a unified set 
of free-flow and submerged-flow relations for Cutthroat flumes -- ---~----
using available laboratory data. 
Available Laboratory Data 
The shape of Cutthroat flumes selected is rectangular in 
cross section. Original data for a flume length of 1.5 1 and 
throat widths of 1", 2", 4", 6", and 8 11 are from Fiuzat (1977) 
and Kaehrle and Schneider {1981); for a flume length of 3.0 1 
and throat widths of 4", 8 11 , and 16" from Bennett {1972); for 
a flume length of 4.5 1 and throat widths of 6 11 , 12 11 , 18 11 , and 
24" from Bennett {1972) and throat widths of 6", 12 11 , and 18 11 
from Henry (1990); and for a flume length of 9.0' and throat 
widths of 2 1 and 4 1 from Eggleston (1967) and throat widths of 
1.025', 1.991', and 3.008' from Huson et al. (1980). 
The ratio of W/L usually lies between 0.1111 and 0.4444 
for most available laboratory data. The W/L ratio is 0.1111 
for a throat width by flume length of 2" x 1.5 1 , 4" x 3 1 , 6 11 
x 4.5', and 1 1 x 9'; 0.2222 for a throat width by flume length 
of 4 11 x 1.5', 8" x 3 1 , 12" x 4.5 1 , 2 1 x 9 1 ; 0.3333 for a 
throat width by flume length of 6" x 1.5', 12" x 3', 18" x 
4.5', and 3 1 x 9'; and 0.4444 for a throat width by flume 




The principles used in the Cutthroat flume rating are 
critical flow theory for the derivation of the free-flow 
equation, and momentum theory, the continuity equation, and 
similitude for the development of the submerged-flow equation 
(Skogerboe et al., 1967a). 
Data Analysis 
All data will be plotted . using a logarithmic 
transformation, and will be examined before doing linear 
regressions. Outliers will be screened before analyzing these 
data. The free-flow data analysis is based on critical flow 
occurring in the vicinity of the flume throat. The free-flow 
equation is taken as follows 
( 1.1) 
where Qt = the free-flow discharge, 
hu the upstream piezometric head, 
ct = the free-flow discharge coefficient, and 
nt the free-flow discharge exponent. 
4 
Cf and nf are determined by linear regression using 
logarithmically transformed data selected for each size of 
Cutthroat flume (Skogerboe et al., 1967c). 
The determination of Cf and nf can be accomplished by the 
following methods. 
1. Graphically use logarithmic paper, and take the slope 
and intercept of the fitted line by using the following 
equation: 
Q =1ointercepth slope f u (1. 2) 
where the intercept is the value of Qf when hu = 1. 
2. Perform a linear regression after a logarithmic 
transformation of the original data by using microcomputer 
software such as the Quattro Pro spreadsheet, which has a 
built-in linear regression function and is very convenient to 
use for obtaining the values of slope, intercept, and 
correlation coefficient of the fitted lines. 
3. Use a portable calculator with a built-in power 
function that can use the data set to obtain the values of 
slope, intercept, and correlation coefficient. 
A comparison of the three methods demonstrates that the 
spreadsheet is the best way to accomplish the data analysis 
because of quickness and efficiency. 
The exponent, nf, is theoretically equal to 1. 5 for 
rectangular constrictions, but measured values are often 
greater, particularly for small constrictions. The cf value 
5 
from 1 inear regression is not a final value, and will be 
adjusted slightly when applying the accuracy analysis. 
Submerged-flow data analysis is also based on submerged 
constriction calibration theory where critical depth does not 
occur in the cutthroat flume. 
constriction flow is 
The equation for submerged 
where Qs the 
hd the 
cs = the 
ns = the 
Cs (hu-hd) nf 
Os=------
( -1 og ( S) ) n,, 
submerged-flow discharge, 
downstream piezometric head, 
submerged-flow discharge coefficient, 
submerged-flow discharge exponent, and 
( 1. 3) 
S the submergence which is defined by the downstream 
piezometric head divided by the upstream 
piezometric head, and the expression is 
(1. 4) 
For convenience of performing the linear regression, an 
adjustment of expression of Q
5 
is made by division of both 




( 1. 6) 
or, 
(1. 7) 
The form of Eq. 1.6 is the same as Eq. 1.1, the free-flow 
equation, so the method for determining the coefficient and 




, and the 
correlation coefficient (Skogerboe et al., 1967a). 
For the same size of Cutthroat flume, nf is the same as 
that calculated from the free-flow analysis. 
The transition submergence (St) is defined as the 
submergence at which the flow regime changes from free flow to 
submerged flow, and is calculated by setting the free-flow 
discharge equation equal to the submerged-flow equation, 
or, 
Cs (hu-hd) nf 
(-log (Sc)) ns 
(1. 8) 
( 1. 9) 
The two sides of the above equation, divided by h~f, give 
Cs(l-St)nt 
Ct=-------
( -1 og (st) ) ns 
which can be solved for St by trial-and-error. 
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(1. 10) 
This study emphasizes the data analysis using original 
laboratory data for different sizes of cutthroat flumes. The 
graphs were plotted to demonstrate different relationships 
between flow rate and flow depths. Finally, free-flow 
formulae and submerged-flow formulae for four groups of 
Cutthroat flume lengths, along with the transition submergence 
for each size, were obtained followed by an accuracy analysis. 
Accuracy Analysis 
The accuracy is defined by the standard deviation of the 
calculated flow rate from the measured flow rate. The 
equation is as follows: 
Deviation= 
n 
L [ [ (Qt) cal- (Qf) Meas]/ (Qf) Meas] 2 
1 
n-1 
( 1. 11) 
Previous studies have demonstrated that the free-flow 
calibrations have higher accuracies than the submerged-flow 
calibrations. It is necessary to adjust Cf and C
5 
to balance 
the deviations. Iterations for arbitrarily adjusting the 
8 
values of Ct and C
9 
are required mathematically to balance the 
positive and negative deviations. 
Comparisons of several possible options were made in 
order to generalize and improve the final results, including 






The principles used in developing discharge ratings for 
cutthroat flumes are critical flow theory for the derivation 
of the free-flow equation, and the momentum theory, continuity 
equation, and hydraulic similitude for developing two forms of 
the submerged-flow equation (Skogerboe et al., 1967a). 
Critical Flow Theory 
The derivation of the free-flow equation for the 
cutthroat flume is based on the theory of critical flow. The 
cutthroat flume is a critical flow-measuring device which 
predicts the flow rate using the principle of an open channel 
constriction where critical depth occurs in the vicinity of 
the throat. When the flow regime is changing from free flow 
to submerged flow, the critical flow occurs in the 
constriction section (Walker and Skogerboe, 1987). Once 
critical flow occurs, the flow rate is related to the water 
depth at the critical section, i.e., 
( 2 • 1) 
where Qt is the flow rate under free-flow regime through the 
flume, and Ye is the critical flow depth. 
Jeppson (1990) and Allen (1990) have presented the 
development of the free-flow equation. This development 
10 
begins with the energy equation, or Bernoulli equation 
( 2. 2) 
where z1 , z2 are the elevation heads at sections 1 and 2, 
respectively; Y1 , Y2 are the water depths at sections 1 and 2, 
respectively; V1 , V2 are the mean velocities at sections 1 and 
2, respectively; g is the gravitational acceleration; and hf 
is the head loss between sections 1 and 2. Total energy, E, 




The specific energy, E
5
, can be expressed as 
v2 
E =E-Z=Y+-
s 2 g 
( 2 • 3) 
( 2. 4) 
The critical flow occurs at a section where the specific 
en e rgy becomes minimum for a given flow rate, Q. Taking the 
derivative of Eq. 2.4 with respect to water depth, Y, and 
setting the derivative equal to zero yields 
( 2. 5) 
where Qc is the flow rate under critical flow regime, Tc is the 
top width of the section under critical flow, Ac is the cross-
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sectional area under critical flow regime, and Fr is the 
Froude number (which is equal to unity for critical flow). 
For a rectangular channel, the cross-sectional area, A, is 
equal to the width, B, times the water depth, Y, and the top 
width, T, is equal to the width B. 
also be written as 
Therefore, Eq. 2.5 can 
( 2. 6) 
and the specific energy, E
5
, can be expressed as 
(2.7) 
Combining Eqs. 2.5 and 2.7 gives 
( 2. 8) 
Equation 2.8 is a theoretical formula, which indicates that 
the discharge is a 1.5 power function of water depth. This 
only applies to ideal flow. In fact, the effects of lateral 
constriction and turbulence of real flow (boundary effects) 
result in the power exponent being greater than 1.5. That is 
why calibrations for free flow in Cutthroat flumes are needed. 
The continuity equation is used as follows: 




From Eqs. 2.9 and 2.10, the following general equation 
can be derived. 
( 2. 11) 
Momentum Theory 
In an earlier study, Skogerboe et al. (1967a) used both 
the momentum theory and the continuity equation simultaneously 
to develop the submerged-flow equation for rectangular flumes 
with horizontal bottoms. 
The momentum theory is based on Newton's second law, and 
it was used to resolve all unknown external forces exerted on 







( 2. 14) 
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where mis the mass of the water body, a is flow movement 
acceleration, ~Fis the resultant forces, dV is the difference 
between the velocities, V, at two different horizontal 
locations, Qt is the theoretical discharge, and p is the 
density of the water. 
The steps to develop the momentum equation are: 
1. Set up a control volume of a water body for the 
rectangular level floor, as shown in Figs. 1. and 2. The 
momentum equation can be applied to the control volume between 
sections 1 and 2. The variables on the upstream flow cross 
section of the control volume are shown in Fig. 2. Likewise, 
the variables on the downstream flow cro s s section of the 
control volume are also s hown in Fig. 2. 
2. Replace all removed water body and flume forces 
applying to the water body in the control volume. 
3. Only horizontal forces are considered in the flow 
movement. And the resultant external horizontal forces 
exerted on a control volume o f water a re e qu a l to the 
difference between momentum flux vectors. Taking the flow 
direction as a positive sign, this momentum expression is 




where F1 and F2 are the resultant forces of pressure 
distributions at the two flow cross-sections; ( F ) is the 
W X 
component of force in the direction of flow exerted on the 
control volume due to the flume walls; Ff is the friction or 
drag force exerted on the surface of the control volume; and 
V1 and V2 are the average velocities at sections 1 and 2. The 
assumptions are made that the velocity is uniform and the 
friction force is negligible (Skogerboe et al., 1967a). 
Assuming hydrostatic pressure distributions in sections 1 and 
2 and on the flume walls, and assuming the average flow depth 
in the converging entrance of the flume is Y1 (however, the 
average flow depth will be less than Y
1
) 
expressions for F 1 , F2 and (Fw) x as follows: 




where Y1 is the water depth in section l, b 1 is the flume width 
in section 1, and~ is the specific weight of water. The 
relation of~ with pis 























FIGURE 1. Definition Sketch for a Flat-Bottomed Rectangular 
Flume (Skogerboe et al., 1967a). 
. I 
j 
.-,V.,... (~-- ,,/· 
F, ~~-- -----~ F, 
FIGURE 2. Control Volume for a Flat-Bottomed Rectangular 
Flume (Skogerboe et al., 1967a). 
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where Y2 is the water depth in section 2, and b 2 is the flume 
width in section 2. Then, (Fw)x as shown on Fig. 2 is 
( 2. 21) 
Substituting Eqs. 2.17, 2.18, 2.20, and 2.21, into E~. 
2.16, yields 
Y Yf ( bi - b2) = O t Y ( v2 - vi) (2.22) 
2 g 
Dividing both sides of Eq. 2.22 by ~/2, Eq. 2.22 becomes 
2Q (V.-V) _ b y2 + y2 b = t 2 1 = b ( y2 _ y2 ) 
22 12 g 2 1 2 (2.23) 
There are three unknowns, V1 , v2 , and Qt, in Eq. 2.23. Two 
more equations are needed and will be described below. 
Equation 2.23 is one of the system of equations needed to 
solve for the theoretical submerged-flow discharge rate. 
Continuity Equation 
When water is assumed to be an incompressible fluid, the 
temperature of water is not constant, and the density of 
water, p, is a function of temperature. Also, the flow will 
be assumed to be steady state. 
The basic principle of mass conservation applies for 
impervious boundaries without lateral inflow and outflow, 




The general equation is, 







where Y1 is the upstream water depth, Y2 is the downstream 
water depth, An is the area of the flow cross section at 
section n, Qn is the flow rate at section n, and Vn is the 
average velocity at section n, where n = 1, 2, 3 ... n. Also, 
there are three system equations available, namely, Eqs. 2.23, 
2.26, and 2.27. Let n be equal to 2, then Eq. 2.27 becomes 
(2.28) 





By substituting Eqs. 2.28 and 2.30 into Eq. 2.23, the 
theoretical submerged-flow discharge rate can be obtained 
(2.31) 
For the simplification of Eq. 2.31, both the denominator 
and the numerator are multiplied by (Y 1 - Y2 ). 
following general equation is derived 
bY ( 1 __ 2 _ 2 ) ( y _ y ) 2 y2 
b y 1 2 1 
1 1 












Therefore, Eq. 2.32 becomes 
b~ g(Y-Y)1. 5 
2 2 1 2 
Qt=-;::============ 




For a given flume geometry, b 1 , b 2 , and Bare constant; 
therefore, the theoretical submerged-flow r ate is a function 
of (Y1 - Y2 ) 
1•5 and the submergence, s. 
Method of Dimensional Analysis 
The method of dimensional analysis, rr theorem, was used 
to establish the submerged-flow equation and to determine 
whether or not the theoretical equation i s reasonable. The 
appl i cation of the rr theorem is based on having sufficient 
r e l ia bl e s ubme rged-flow experim e ntal data. 
Skogerboe et. al (1967a) used three rr terms as follows: 
1. The first rr term is defined as the Froude number, Fm 
V/C, where C is the wave velocity, and Vis the velocity of 
flow. The rr1 term is as follows: 
(2.36) 
wher e Wis the flume throat width; Ym is the minimum water 
depth, where the subscript m means "is the minimum of"; 
consequently, Fm is the maximum value of the Froude number; Y2 
is the downstream water depth; and Y1 is the upstream water 
depth. 
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2. The second rr term is defined as the submergence, s = 






3. The third rr term is defined as follows 
(2.38) 
where ~Y is the difference between the upstream and downstream 
water depths. 
Skogerboe et al. (1967a) plotted the submerged-flow data 
using rr2 vs. rr3 as shown in Fig. 3, from which they obtained 
1 ( ) 
-0 . 27 4 ( yl -Y2) 
og s ---------0.0045 
Ym 
(2.39) 
From Fig. 4, the empirical equation can be obtained 
(2.40) 
They also plotted rr1 vs. rr3 on logarithmic paper as shown 
in Fig. 4, which can be combined with Eqs. 2.39, 2.40, and the 
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(Sk oger boe et al., 
1967a). 
<Y1 - Yz), ft 
Plot of Minimum Flow Depth, Change in Water 
Surface Elevation, and Discharge (Skogerboe et 
al., 1967a). 
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Development of Cutthroat Flumes 
There are two previous flume devel opments that 
contributed to the development of the Cutthroa t flume. The 
flat-bottomed Venturi flume preceded the devel opment of the 
Parshall flume. 
Venturi flumes. V. M. Cone (1917) stud i ed the flat-
bottomed Venturi flumes which can be either r e ctangular or 
trapezoidal in cross section with a conver g ent entrance 
section and a divergent exit section. A throat with parallel 
walls lies b e t ween the entrance and exit section s , as shown in 
Fig. 5. Th e s e flumes are termed critical flo w flumes; the 
entrance se c tion contracts the flow from both sides 
sufficiently to cause critical depth ·flow to occur. The flow 
changes from subcritical flow in the entranc e section to 
supercritical flow in the throat section. 
The pie zo metric head is measured using a s t illing well. 
The stilling well is located in the conver ge nt entrance 
section. The stilling well is used to decrease the effect of 
water surface fluctuation. The datum was set at the invert of 
the flume floor. The flow rate can also be measured for 
submerged-flow conditions using a piezometer tap in the exit 
section conn e cted to a stilling well. The equ a tion between 
discharge an d head is complicated, and a tabl e is provided 








FIGURE 5. Typical Rectangular Flat-Bottomed Venturi Flume 
(Taken from Bennett, 1972). 
Parshall flumes. Parshall (1926) continue d to study the 
Venturi flumes developed by Cone and did some modifications 
and improvements. The configuration of bottom s lope changes 
is as follows: in the entrance section the floor is 
horizontal; in the throat section the floor drops; and 
finally, in the exit section, the floor rises as s hown in Fig. 
6. 
This modified flume was originally call e d "improved 
Venturi Flume." Later, the American Society of Civil 
T 
FIGURE 6. 
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Def inition Sketch for a Parshall Flu ·ne 
(Taken from Skogerboe et al., 1967b) . 
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Engineers gave this flow measuring device a new n ame "Parshall 
Flume" in hono r o f the inventor. 
A Parshall flume has the following charact e ristics. 
1. The h ea d loss is relatively small. 
2. Fabri ca tion is quite expensive because there are many 
angles. 
3. The accuracy for measuring the flow r ate is very 
good. 




cutthroat flumes were developed by 
Professor G. V. Skogerboe and his colleagues and students 
(1967c) at Utah State University. The flumes were used to 
measure the flow rate in flat-gradient open channels as tools 
of water management in irrigation and drainage, as well as 
waste water treatment. The flumes are derived from, and take 
advantage of the Venturi flumes and improved Venturi flumes. 
As with the Venturi flumes and Parshall flum e s, Cutthroat 
flumes are also critical depth flow measuring devices that 
contract the flow from both sides sufficien t ly to cause 
critical flow to occur in the vicinity of the f lume throat. 
However, these flumes were also developed to perform 
satisfactorily under submerged-flow conditions. 
Geometry. The most important advantage of these flumes 
is economy because the geometry is simple. A Cutthroat flume 
has a flat bottom throughout and is composed of a converging 
entrance and a diverging exit similar to the Ve nturi flume, 
but it has no connecting throat section between the entrance 
and the exit sections. Furthermore, the flume is easily 
fabricated. All sizes have a 3:1 converging section and a 6:1 
diverging section as shown in Fig. 7. This allows different 
sizes of Cutthroat flumes to be easily fabricated by moving 
wall forms to provide the desired throat width. As a result, 
it is only necessary to make one set of flume wall forms for 
each length of Cutthroat flume. Thus, the fabrication cost 













FIGURE 7. Plan and Sectional View of a Rectan ~ular Cutthroat 






FIGURE 8. Illustration of Flow Conditions in a Rectangular 
Cutthroat Flume (Skogerboe et al., 1967c). 
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Because of the simple geometry of Cutthroat flumes, it is 
very easy and inexpensive to manufacture, install, operate, 
and maintain as compared with the more complicated geometry of 
Parshall flumes. 
Hydraulic behavior. However, the hydraulic behavior of 
Cutthroat flumes is more complicated than that of Parshall 
flumes. Because Cutthroat flumes have curvilinear stream 
lines, for which no valid theory is presently available, it is 
very difficult to generalize the hydraulic behavior beyond the 
range of hydraulic conditions tested under laboratory 
calibrations. In contrast, the Parshall flume has parallel 
streamlines in the throat section. This limits the prediction 
of hydraulic behavior to structures intermediate in size to 




Different flume materials have 
Some flumes are made of concrete, 
brick or wood with rougher surfaces, and some are made of 
sheet metal and fiberglass with less rough surfaces. If flume 
surface roughness is large and water depth is small, the 
boundary effects will significantly affect flow movement in 
the flumes, and these effects of boundary condition may not be 
negligible. If the flume surface roughness is small and water 
depth is large, the boundary effects compared to the deep 
water depth may not greatly affect flow movement in the 
flumes; hence, the boundary effects can be negligible. 
Head measurement. 
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cutthroat flumes are placed on or 
above the channel floor and levelled in both directions 
(longitudinally and latitudinally). Piezometers are used to 
measure piezometric heads. Then, rubber hoses are used to 
connect the upstream and downstream piezometer taps with their 
respective stilling wells. Piezometric heads are water depths 
that are read in stilling wells. The stilling wells are 
commonly plastic pipes with bases, but any material can be 
used. These taps are located on the flume walls with their 
centerline 13 mm above the flume floor. Eggleston (1967) said 
that the upstream head, hu, could be read anywhere from one 
half to three quarters of the length of the converging 
entrance section upstream of the throat; however, two thirds 
was finally used. The discharge rating will change when the 
location for measuring hu is changed. 
Free-flow analysis. Hyatt (1965) plotted the free-flow 
discharge versus the upstream piezometric head on logarithmic 
paper as shown in Fig. 9. The plot shows that the 
relationship between the free-flow discharge and the upstream 
piezometric head in Cutthroat flumes is as follows 
(2.42) 
2.0------------ --c ; r-
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FIGURE 9. Typical Free-Flow Rating Curve Showing Actual 
Data Points and Development of Free-Flow 
Equation (Bennett, 1972). 
The determination of Cf and nf can be performed by taking 
logs of both sides of the free-flow equation (Eq. 1.1), which 
results in the following equation 
(2.43) 
The relationship between log (Qf) and log (hu) is a linear 
function, which has the following form 
Y=ax+b (2.44) 







f ~x (2. 4 6) 
The slope and intercept can be 6btained from the fitted line, 
where the following equation can be derived 
Q =lointercepth slop e f u (2.47) 
Hyatt (1965) also demonstrated that the free-flow 
equation only worked well below a certain subm e rgence level. 
Above this submergence level, the submerged-flow equation 
should be applied to show the relation between the submerged 
discharge, the upstream and downstream piezometric heads, and 
the submergence. 
Submerged-flow analysis. Dimensional analysis (Fig. 2.5) 
indicates that the submerged-flow equation is 
a constant, C, 
Cs(hu-hd)nf 
Qs=-------
( -10 g ( S + C) ) n" 
that approximates 
(2.48) 
the s ubmerged-flow 
distribution in Eq. 2.48 can be taken as zero for the case of 
Cutthroat flumes (Bennett, 1972). Thus, Eq. 2.48 becomes 
Cs (hu-hd) nr 
Qs=------
(-log (S)) n,, 
(2.49) 
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Bennett ( 1972) summarized the following steps for the 
submerged-flow analysis to obtain values of ns and Cs for each 
size of Cutthroat flume. 
1. The submerged-flow plots were drawn for a particular 
size of cutthroat flume. 
2. To perform the submerged-flow analysis similar to 
the free-flow analysis, the lines of constant submergence were 
extended until they crossed the abscissa at ~h = hu - hd = 1.0, 
where the corresponding discharge, Q&h, was designated as Q&h=1 , 
as shown in Fig. 10. 
3. Plot the data obtained from step 2 on logarithmic 
paper with Q&h=1 as the ordinate and -log s a s the abscissa 
shown in Fig. 11. A single straight line having a negative 
slope will result from plotting the data. The general 
equation describing this relationship takes th e following form 
(2. 59) 
4. The submerged-flow coefficient, Cs, is the value of 
Q&h=1 when -log S = 1.0, as illustrated in Fig. 11. 
5. The submerged-flow exponent, ns, is the slope of the 
straight line, as illustrated in Fig. 11. 
For any particular size of cutthroat flume, nf is the 
same as that obtained from the free-flow analysis. 
FIGURE 10. 
FIGURE 11. 
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Typical PJ.ot for Determining the Submerged-Flow 
Coefficient, Cs, and Submerged-Flo w Exponent, ns 
(After Bennett, 1972). 
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Transition submergence. The transition subnergence (St) 
is defined as the value of submergence at wh .i ch the flow 
regime changes from free flow to submerged flo w, which has 
also been referred to as the critical subme r gence. The 
transition submergence is designated by st and can be 
calculated by setting the free-flow discharge e q uation equal 




(-log (St)) ns 
where hd/hu = St by definition. 
(2.51) 
(2.52) 
The two sides of the above equation divide d by h:f give 
Cs(l-St)nl 
Ct=-------
(-log (St)) ns 
( 2. 53) 
which can be solved for st by trial-and-error bec ~use Eq. 2.53 
is an implicit function of st. 
CHAPTER III 
AVAILABLE LABORATORY DATA 
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This chapter describes the selection of available 
laboratory data for Cutthroat flumes, including the 
experimental design and the hydraulic equipment used in 
collecting the data. The data to be used for analysis were 
obtained from experiments made by Skogerboe et al. (1967c) at 
the Utah Wat er Research Laboratory (UWRL) of Utah State 
University; Bennett (1972) at the Fluid Mechanics Laboratory 
of Utah St at e University; Fiuzat (1977) at the Hydraulics 
Laboratory in the Engineering Research Center of Colorado 
State Univ ers ity; Huson and Gardell (1980) at the Hydraulics 
Laboratory in the Engineering Research Center of Colorado 
State Unive rs ity; Kaehrle and Schneider (1981) at the National 
Laboratory in Mississippi of the U.S. Geological Survey; and 
Henry (1990) at the Utah Water Research Laboratory of Utah 
State Univ ers ity. The data include water flow rates in the 
free-flow a nd the submerged-flow regimes, as well as the 
measured upstream and downstream piezometric heads. These 
data will be used for free-flow analysis and the submerged-
flow analy sis in the next two chapters. 
General Con s iderations in 
Flow Measurement 
In the free-flow regime, where supercritical flow occurs 
in the vicinity of the throat, flow changes downstream cannot 
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affect the flow upstream because the Froude number, Fr= V/c, 
is larger than unity (as mentioned previously) and, therefore, 
the flow velocity, v, in the constriction exceeds the 
propagation speed of the gravity wave, c, (Jeppson, 1990). 
For free-flow analysis, therefore, the free-flow discharges 
and only the corresponding upstream piezometric heads are 
needed for the hydraulic tests of a specific flume size. 
The hydraulic behavior in subcritical flow, or submerged 
flow, is different from that of supercritical flow. The 
reason is that the effect of flow change can travel upstream 
to the inlet section because the flow velocity in the 
constriction does not exceed the propagation speed of gravity 
since the Froude number, Fr= V/c, is smaller than unity. For 
submerged-flow analysis, therefore, the flow rates and the 
corresponding upstream and downstream piezometric heads are 
needed for the hydraulic tests of a specific flume size. The 
submergence can be obtained by definition as the downstream 
piezometric head divided by the upstream piezometric head, 
which is less than unity. 
Experimental Design 
Because of the similar geometry for different sizes of 
Cutthroat flumes, only the flume length, L, and throat width, 
W, are needed to independently describe any particular size. 
Also the height, H, of the walls can be specified. Thus, all 
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of the dimensions of a Cutthroat flume are specified by 
stating W x L x H. In this thesis, only W x L will be used. 
Therefore, the geometric design for Cutthroat flumes is 
simple. For a given flume length, the throat width can be 
adjusted to any desired size by just moving the flume walls in 
or out from the flume centerline. 
Piezometric Head Measurement 
Usually, stilling wells or staff gages are used to 
measure the piezometric heads or water depths. The purpose of 
stilling wells is to decrease the fluctuation of the water 
surface so that it can be easily and accurately read. The 
accuracy is only fair by use of staff gages for measurements 
of hydraulic heads, while the accuracy is better by using 
stilling wells for measurements of piezometric heads. 
Therefore, the use of stilling wells is recommended. In case 
of changing water depths in the stilling wells, readings are 
taken several minutes apart until the readings remain constant 
with time to indicate that the flow has reached steady-state. 
Several locations of upstream and downstream piezometric heads 
for free-flow and submerged-flow regimes have been reported. 
Skogerboe et al. Skogerboe et al. (1967c) placed six 
taps along a flume wall and used stilling wells to measure 
several piezometric heads, including both upstream (hu) and 
downstream (hd) piezometric heads. The special test 
piezometers were located upstream of the flume entrance, 
within the converging inlet and diverging outlet sections of 
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the flume, and downstream of the flume. The piezometer taps 
were located vertically at a centerline height of one-half 
inch above the flume floor. Also, a point gage was used to 
measure the minimum flow depth in the contraction (throat or 
neck) of the flume. The bottom of the rectangular flat-
bottomed flume was placed 1-foot above the floor of the 6-foot 
deep by 8-foot wide channel in the Utah Water Research 
Laboratory. A schematic diagram showing the experimental 
facility used at the Utah Water Research Laboratory is shown 
in Fig. 12. A 4-foot Parshall flume was used to measure the 
discharge as shown in Fig. 13. The slide gate, located in the 
6-by-8 foot channel, was used to control tailwater depth in 
the test flumes as shown in Fig. 14. The stilling wells 
attached to the test flume are shown in Fig. 15, while the 
movable carriage used to support the hook gages for obtaining 
flow depth measurements is shown in Fig. 16 . 
Bennett. Bennett (1972) measured the piezometric heads 
using 1-foot diameter stilling wells . The test channel was 5-
feet wide, 5-feet deep and 100-feet long, located in the Fluid 
Mechanics Laboratory of Utah State University, Logan, Utah as 
shown in Fig. 17 . The flume was put on the channel floor. 
The water was provided from a sump and was circulated by four 
turbine pumps and one propeller pump. The water was pumped 
from the sump into a pipeline that discharged into the test 
channel. The Cutthroat flumes being tested were constructed 
of galvanized steel. The weight of galvanized 
r 
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FIGURE 14. Slide Gate Located in Six- by Eight-Foot Channel 
Used to Control Tailwater Depth in Test Flumes 
Investigated by Skogerboe et al. (1967b). 
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FIGURE 15. Stilling Wells Attached to Test Flume (After 
Skogerboe et al., 1967a). 
FIGURE 16. The Movable Carriage Used for Obtaining Flow 
Depth Measurements (After Skogerboe et al., 
1967a) . 
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FIGURE 17. Experimental Facility With Recessed Test 
Channel Five-Foot Deep and Five-Foot Wide Used 
by Bennett (1972). 
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steel was quite light and so the flumes were easy to handle. 
Galvanized steel can also be made with watertight joints. 
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The 1/2-inch diameter piezometer taps were located along 
the flume wall at a centerline height of 1/2-inch above the 
flume floor. A hook gage was used to measure the water depth 
in the stilling wells. A tailgate apparatus was also used to 
vary the downstream flow depth in order to simulate a wide 
range of submerged-flow conditions. 
Fiuzat. Fiuzat ( 1977) also measured the piezometric 
heads using stilling wells. The centerline of the piezometer 
taps was also located along the flume wall at a centerline 
height of 1/2-inch above the flume floor. The water depths in 
the stilling wells were read in decimal fractions of a foot. 
Two digits after the decimal (.01) were read with absolute 
certainty, and the third digit was estimated by vernier. All 
of the flumes used had a wall height of 12 inches. The flume 
was set in a wooden flow channel equipped with a recirculating 
pump. A level flume floor was provided, and a sluice gate was 
set downstream of the flume to control the downstream water 
depth to produce a range of submergence levels. The layout of 
the experimental facility used for these tests is shown in 
Fig. 18. 
Huson and Gardell. Huson and Gardell {1980) investigated 
Cutthroat flumes having a length of 9 feet. Throat widths of 
1-, 2-, 3-, and 4-foot were used. A large recirculating flume 
having a width of 6 feet was used in these studies, which is 















Layout of the Experimental Facility Used by 
Fiuzat (1977). 
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Typical Installation of Cutthroat Flume in Test 
Facility Used by Kaehrle and Schneider (1981). 
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University. Piezometer taps were connected to stilling wells 
where the water surface was measured with hook gages. This is 
the same experimental procedure used by Fiuzat (1977), 
Bennett(1972), and Eggleston (1967). 
Kaehrle and Schneider. Kaehrle and Schneider (1981) 
used staff gages attached to the flume sidewal l s to measure 
flow depths, Yu, rather than piezometric he ads, hu, and 
measured the water surface elevation at the sta f f gage using 
a point gage. As a result, their data cannot be compared with 
other investigators. Only free-flow calib r ations were 
performed in the laboratory on portable 2", 4", and 8" x 1.5 1 
Cutthroat flumes obtained from a commercial s ource. The 
channel connected with the test flume was 3 feet wide as shown 
in Fig. 19, and the flume was placed on the cha nnel floor. 
Henry. Henry (1990) used hook gages to mea su re the water 
surface levels in stilling wells in order t o obtain the 
piezometric heads, h, rather than flow depths, Y. The 
geometric configuration of the test channel was 3 feet deep by 
3 feet wide. Henry used 8-inch diameter PVC pip e s with bases 
as stilling wells. He also used a tailgate appa r atus located 
downstream to simulate the hydraulic behavior under the 
submerged-flow regime. The ratio of flume entrance width, B, 
to channel width, Ch, in his research was alw a ys less than 
one. The Cutthroat flumes to be tested were set 6 inches (15 
cm) above the bottom of the channel in order for free flow to 
occur. The channel and control configuration for calibration 
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of the 6 11 , 12 11 , and 18 11 x 4. 5' cutthroat flumes at the UWRL is 
shown in Fig. 20. 
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FIGURE 20. Channel and Control Configuration for 
Calibration of Cutthroat Flumes at the UWRL 
Used by Hen r y {1990). 
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Piezometric Head Locations 
The locations of piezometer taps must be standardized. 
The piezometric heads must be measured at the same locations 
and in the same manner when both the Cutthroat flumes are 
calibrated in the laboratory and when they are used in the 
field. 
The standard locations for the upstream head, hu, could 
be located anywhere from one half to three quarters of the 
length of the converging inlet section upstream from the 
throat. Most of the standard locations for piezometer taps 
are similar, but there are some differe 1ces. Therefore, 
laboratory studies for standardizing the locations of 
piezometer taps in Cutthroat flumes are d (•scribed in detail 
below. 
Skogerboe et al. Skogerboe et al. ( 1967c) selected the 
location for the upstream piezometer tap for measuring the 
upstream head, hu, which is two thirds of the length of the 
converging section upstream from the flume neck and the 
location for the downstream piezometer tap for measuring the 
downstream head, hd, which is five sixths of the length of the 
diverging section downstream from the flume neck, as shown in 
Fig. 21. Piezometer taps were located along the flume wall at 
a centerline height of 1/2-inch above the flume floor, and 
the vertical locations of upstream and downstream piezometer 
taps are shown in Fig. 22, which were at a centerline height 
of 1/2-inch above the flume floor. 
FIGURE 21. 
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Bennett. Let the flume length, L, be divided into two 
sections: (1) upstream section length of L/3 from the 
beginning of the converging inlet to the flume throat; and (2) 
downstream section length of 2L/3 from the throat to the end 
of the diverging outlet. The upstream piezometric tap was 
located 2L/9 upstream from the throat, and the downstream 
piezometric tap was located 5L/9 downstream from the throat. 
Each piezometer tap is 1/ 2-inch in diameter, located on the 
flume wall, at a centerline height of 1/2-inch above the flume 
floor as shown in Fig. 22. 
Fiuzat. Fiuzat (1977) measured piezometric heads from 
the bottom of the flume at both (a) the standard hu and hd 
locations and (b) the midpoint of the converging inlet and 
diverging outl e t section s . In addition, Fiuzat tapped the 
flume floor at both the standard and midpoint locations of the 
converging inl e t section. The locations for piezometer taps 
are shown in Fig. 23, with those on the flume wall having a 
centerline height of 1/2-inch above the flume floor. 
h b~1l:IZI) 
FIGURE 23. Locations for Piezometer Taps for Cutthroat 
Flumes Used by Fiuzat (1977). 
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Henry. Henry (1990) placed piezometer taps on the 
flume wall, at a height of 1/2-inch (13 mm) above the bottom 
of the flume floor. He used a 1/4-inch (6 mm) diameter rubber 
pipe to connect the upstream and downstream 
piezometer taps to their respective stilling wells. The 
piezometer taps were 1/4-inch (6 mm) in diameter. The 
upstream and downstream piezometer tap locations were located 
at the standard positions used for Cutthroat flumes as shown 
in Fig. 24. 
Nonhydrostatic Pressure 
Distribution 
Fiuzat (1977) tested multiple piezom e tric tap positions, 
including floor taps and flume wall tap s , and explored the 
existence of nonhydrostatic pressur e distribution. Also, 
Henry ( 1990) summarized that Mabbett ( 1984) attributed the 
nonhydrostatic pressure distribution to the vertical 
acceleration of flow which can be demonstrated in the convex 
flow profile upstream and through the throat as shown in Fig. 
25. This figure shows the relationship between the flow depth 
and piezometric head for Cutthroat flumes. 
The characteristics of curvilinear flow streamlines in 
Cutthroat flumes are similar to the characteristics of flow 
streamlines in concave and convex channel bottoms. As shown 
in Fig. 26, the convex flow profiles in the upper flow layers 
occur upstream of the throat, and the concave flow 
',') 
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Mabbett, 1984). 
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profiles in the upper flow layers occur downs t ream of the 
throat, but the streamline in the bottom laye r s is nearly 
horizontal and parallel to the channel bottom. 
Comparison was made with the characteris t ics of flow 
profiles for a channel bottom which is curviline a r instead of 
having a constant bottom slope as shown by Chow (1959), and 
the general cases of parallel, convex, and concave flow 
profiles as shown in Fig. 27. From this comparison, the 
convex flow profiles occur on a convex channel bottom, whose 
hydrostatic pressure distribution can be applied to the convex 
flow profiles upstream of the throat in a cutthroat flume. 
Furthermore, the concave flow profiles occur on a concave 
FIGURE 26. 
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53 
54 
channel bottom, whose hydrostatic pressure distribution can 
also be applied to the concave flow profiles downstream of the 
throat in a cutthroat flume. The nonhydrostatic pressure 
distributions in concave and convex channel bottom are also 
shown in Fig. 27. Therefore, both gravitational acceleration, 
g, in the vertical direction and the normal acceleration, 
v 2/r, due to the curvature of the streamlines, will be exerted 
on a fluid element, and the normal acceleration, v 2/r, due to 
the curvature of the streamlines affects the nonhydrostatic 
pressure distribution. 
The normal acceleration of v 2/r adds to the gravitational 
acceleration of g when the flow profiles are concave. A fluid 
element can be taken as shown in Fig. 28. The derivation of 
nonhydrostatic pressure distribution for the convex flow 
profiles upstream of the throat in a cutthroat flume is based 
on Newton's Second Law as follows: 
:EF=ma ( 3. 1) 
then, 
ap v 2 
[ P- ( P+ - ) ] dx+ p gdxdy= p dxdy-ay r (3.2) 
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FIGURE 28. Illustration of a Fluid Element for Force Analysis. 
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Rearranging Eq. 3.2, yields 
or, 
ap v 2 
--+pg=p-ay r 
ap v 2 
-=pg-p-ay r 
The above equation can be integrated to give 
JP ap Jy v2 -dy= (pg-p-) dy 0 ay O I 
Therefore, the equation of non-hydrostatic 
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( 3 • 3) 
( 3. 4) 
( 3. 5) 
pressure 
distribution for the convex flow profile upstrea ,n of the 
throat in a Cutthroat flume is 
JY v2 P=pgy-p -dy o r 
where v 2/r is a function of y and larger than zero. 
( 3 • 6) 
Thus, the 
normal acceleration of v 2/r subtracts from gravitational 
acceleration, g, when the flow profiles are convex. 
Similarly, the equation of nonhydrostatic pressure 
distribution for the concave flow profiles downstream of the 
throat in a Cutthroat flume is as follows: 
f Y v2 P=pgy+p -dy o r ( 3. 7) 
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Thus, based on Fig. 26, some conclusions can be stated 
regarding the effect of nonhydrostatic pressure distribution 
in Cutthroat flumes. The upstream convex flow profile does 
affect the upstream piezometric head, hu; namely, the upstream 
piezometric head will be lower than the upstream water depth. 
The downstream concave flow profile also theoretically affects 
the downstream piezometric head, hd; namely, the downstream 
piezometric head will be higher than the downstream water 
depth, particularly at higher flow rates. The effect of the 
downstream convex flow profile can be negligible because the 
curvature is very small, which just slightly affects the 
downstream piezometric head, hd. The downstream piezometer is 
located in the second convex flow profile portion. Thus, the 
actual downstream water depth, Yd, can be approximately 
considered as the actual downstream piezometric head, hd. 
High e r di s charge rates will deviate more from hydrostatic 
pressure distribution. Under free-flow conditions, for a 
given Cutthroat flume, as the discharge increases (which also 
means the flow depth is increasing), there will be an 
increasing deviation from a hydrostatic pressure distribution; 
or, in other words, there will be an increasing degree of non-
hydrostatic pressure distribution as illustrated in Fig. 29. 
Primary Flow Measuring Devices 
The primary flow measuring devices (PFMD) were usually 
volumetric tanks and weighing tanks. However, in some cases, 
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rectangular sharp-crested thin-plate weir and a sharp-crested 
thin-plate V-notch weir have been used. In one case, an 
orifice plate was used. Sev e ral water flow rates were tested 
for each flum e size. Often, the same water flow rates were 
u s ed in both the free-flow and the submerged-flow tests. 
Skog e rbo e et a l. Skogerboe et. al (1967a) used a 4-
foot Parshall flume as the PFMD to measure the flow rates (as 
shown in Fig. 3.2). A 48-inch diameter pipeline ~as used to 
convey water from a reservoir to the test channel. The 
pipeline has a capacity of nearly 200 cfs. The discharge was 
measured when flow passed through the 4-foot Parshall flume. 
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Bennett. In the experiment made by Hennett (1972), the 
flow was diverted into one of two weighing tanks after the 
flow passed through the test channel. The capacity of a 
single tank was 26,000 pounds. A stop watch was used to 
determine the time elapsed to fill one tan k . These tanks were 
calibrated to have an accuracy of one half of one percent. 
Flow rates were measured by weighing tank s for all the free-
flow and submerged-flow tests for the fo l lowing flume sizes 
(Appendix A): 4 11 x 3.0 1 (Table A.4); 8 11 x 3.0 1 (Table A.5); 
16 11 x 3.0 1 (Table A.6); 6 11 x 4.5 1 (Tabl e A.7); 12 11 x 4.5 1 
(Table A.8) and 24 11 x 4.5' (Table A.8). 
Fiuzat. Fiuzat (1977) initially meas u red the discharges 
in the channel using an orifice plate lo ca ted in a pipeline 
feeding water to the channel, but the accu r acy of measurement 
for the range of flows using this orifice was not good. 
Therefore, a 6 11 x 4. 5' Cutthroat flume was used to measure the 
flow rates. 
Kaehrle and Schneider. Kaehrle and Schneider ( 1985) used 
volumetric tanks to measure the flow rate s for the 2 11 x 1.5 1 
and 4 11 x 1 . 5 ' cutthroat f 1 umes, and used a 6 oO V-notch weir to 
measure the flow rate for the 8 11 x 1.5' flume. The 
calibration of the above Cutthroat flu mes was under low 
discharges (less than used by Bennett, 19 7 2). 
Huson and Gardell. Huson and Gardell (1980) initially 
measured the discharges in the channel using an orifice plate 
located in a pipeline feeding water to the :hannel similar to 
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the procedures used by Fiuzat ( 1977) . A large circulating 
flume having a width of 6 feet was used in these studies. The 
orifice plate was replaced with a sharp- c rested rectangular 
weir to measure the flowrates in the chann 2 l. Later, a 90° V-
notch weir was used. 
Henry. Henry (1990) used volum e tric tanks while 
conducting the free-flow and submerged-flow tests for the 18" 
x 4.5' Cutthroat flume and the free-flow tests for the 12 11 x 
4.5' Cutthroat flume; however, he used a we ighing tank for the 
free flow and submerged-flow tests for the 6" x 4.5' Cutthroat 
flume and the submerged-flow tests fo r the 12" x 4.5' 
Cutthroat flume. 
Ratio of W/L 
The ratio of W/L v a ries according to different throat 
widths, W, and flume lengths, L. This ratio is highly 
important in relating both the free-flow and submerged-flow 
discharge ratings for v a rious sizes of Cutthroat flumes, as 
will be shown in Chapter V. The W/L ratio can also be used as 
a criterion in selecting the available laboratory data for 
analysis. When selecting available laboratory data, there is 
a desirable ratio of W/L in order to constrict the flow 
sufficiently. Bennett (1972) and Henry (1990) recommended 
that the ratio of W/L be within the range: 
0.1 < W/L < 0.4 
The W/L ratio for different throat widths and flume lengths 
was described in Chapter I. Some sizes of Cutthroat flumes 
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have W/L = 0.444 (4/9), with the largest ratio being 2/3 for 
a 6' x 9 1 Cutthroat flume, and the smallest ratio being 1/18. 
Commonly used ratios are 1/9, 2/9, 3/9 and 4/9. 
Ratio of huL.-1 
The hu/L ratio is also a criterion used to select the 
available laboratory data, particularly for the free-flow 
analysis. When selecting available laboratory data and 
eliminating some unreasonable data for analysis of the four 
flume lengths, there is a limitation on the ratio of hulL-
Walker and Skogerboe (1987) recommended that hu/L be less than 
0.4. Bennett (1972) and Henry (1990) recommended that the 
ratio of hjL be less than 0. 33. The reason for hulL being 
limited is that high velocities of approach result in rapidly 
changing water surface profiles, which, in turn, result in 
non-hydrostatic pressure distribution in the inlet section. 
In fact, this ratio is used to limit the upstream piezometric 
head for any given flume length. 
Data Collection 
The available laboratory data for Cutthroat flumes will 
be cited chronologically. 
The laboratory data for 9.0' long Cutthroat flumes with 
throat widths of 24 11 and 48 11 were collected by Skogerboe et. 
al. (1967c), which are listed in Appendix A (Tables A.1, A.2, 
and A.3, respectively). 
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The laboratory data for 3.0' long Cutthroat flumes . with 
throat widths of 4", 8", and 16" collected by Bennett (1972) 
are listed in Appendix A (Tables A.4, A.5, and A.6, 
respectively). 
The laboratory data for 4.5' long Cutthroat flumes with 
throat widths of 6 11 , 12", and 24" collected by Bennett (1972) 
are listed in Appendix A (Tables A.7, A.8, and A.9, 
respectively). 
The laboratory data for 1.5' long rectangular Cutthroat 
flumes, having throat widths of 2 11 , 4", 6 11 , and 8 11 , collected 
by Fiuzat (1977) are listed in Appendix A (Tables A.lo, A.11, 
A.12 and A.13, respectively). 
The laboratory data for 9.0' long Cutthroat flumes with 
throat widths of 1.025', 1.991', and 3.008' were collected by 
Huson and Gardell (1980), which are listed in Appendix A 
(Tables A.14, A.15, A.16, A.17, A.18, A.19, and A.20, 
respectively). 
The laboratory data for 4.5' long Cutthroat flumes with 
throat widths of 6 11 , 12 11 , and 18" collected by Henry (1990) 
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and st for the four lengths of cutthroat flumes based on the 
available data described in Chapter III. The final discharge 
parameters will be determined in Chapter V utilizing accuracy 
analyses on the generalized relationships for the five 
discharge parameters also developed in Chapter V. 
The first step for free-flow and submerged-flow data 
analysis is to eliminate the outliers from the original 
laboratory data according to the criteria of the ratios of 
W/L and hu/L introduced in Chapter III. Almost all of the 
available laboratory data satisfy the criteria for the ratios 
of W/L and h /L. 
u 
Only a few data are eliminated. The 
available laboratory data in the free-flow and the submerged-
flow regimes satisfy the free-flow equation, Eq. 1.1, and the 
submerged-flow equation, Eq. 1.3, respectively, described in 
Chapters I and II. 
The second step is to logarithmically transform the 
screened data, followed by linear regression on the 
transformed data. 
The free-flow and the submerged-flow analyses are 
described in detail by using the 8" x 3.0' cutthroat flume as 
an example. For all the other sizes of cutthroat flumes 
listed in Chapter III, the procedures for obtaining the 
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discharge parameters, which are the same as detailed below 
for the 8" x 3.0' Cutthroat flume, will not be repeated. 
Free-Flow Analysis 
As mentioned in Chapter I, the free-flow rate, Qf, is a 
power function of the upstream piezometric head, hu (Eq. 
I 
1.1). As reviewed in Chapter II, the determination of cf and 
nf is implemented by taking logarithms of both sides of the 
free-flow equation, which results in Eq. 2.42. Based on Eq. 
2.42, the following steps are taken to perform the free-flow 
analysis. 
First of all, the minimum upstream piezometric head is 
selected corresponding to a measured flow rate so that the 
flow regime is ensured to be free flow. The original data 
are listed in Table A.5 (Appendix A). Only four free-flow 
discharge rates and their corresponding upstream piezometric 
head are selected. The selected data for free-flow analysis 
are listed in Columns (1) and (3) of Table 1. 
The second step is to logarithmically transform the 
selected upstream piezometric head, hu, and the corresponding 
free-flow discharge rate, Qt, as listed in Columns (2) and 
(4) of Table 1. 
The third step is to perform the linear regression, with 
the logarithmically transformed hu as the independent 
variable and the transformed Qt as the dependent variable. 
Thus, a linear relation between the transformed Qf and the 
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TABLE 1. Selected Free-Flow Data for the 8" x 3. O' Cutthroat 
Flume. 
(1) (2) (3) (4) 
Qf log (Qf) hu log (hu) 
0.80 0.096910 0.488 -0.31158 
1.39 0.143015 0.682 -0.16622 
1.91 0.281033 0.803 -0.09528 
2.66 0.424882 0.975 -0.01100 
transformed hu is obtained. The relation takes the following 
form: 
log (Qf) =a+blog (h) ( 4. 1) 
where a is the constant of the linear regression and bis the 
coefficient of the independent variable in the linear 
regression. Rearranging Eq. 4.1 gives 
(4.2) 
where Cf= 10 8 , which is defined in Chapter I as the free-flow 
coefficient, and nf = b, which is also defined in Chapter I 
as the free-flow exponent. For a 8 11 x 3.0' cutthroat flume, 
a 0.442612, and b = 1.743657, where the correlation 
coefficient, r 2 = O. 999104. Thus, Cf = 10 8 = 2. 770844 and nf 
= b = 1.743657. The initial, not final, free-flow equation, 
therefore, for a 8 11 x 3.0' Cutthroat flume is 
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( 4. 3) 
TABLE 2. Free-Flow Discharge Parameters for Some Sizes of 
Cutthroat Flumes. 
Flume Size cf nf 
2 • 0 II X 1. 5' 0.99 2.00 
4. 0 11 X 1.5' 2.06 2.10 
6 • 0 II X 1.5' 2.79 1.86 
8.0 X 1. 5' 4.04 1. 93 
4.0 X 3.0 1 1.45 1. 88 
8.0 X 3.0 1 2.77 1. 74 
16.0 X 3.0 1 6.04 1.87 
6.0 X 4.5 1 1. 87 1.69 
12.0 X 4.5 1 3.73 1.70 
24.0 X 4.5 1 7.79 1.66 
1.025 X 9.0 1 3.40 1. 58 
1. 991 X 9.0 1 6.77 1. 57 
2.000 X 9. 0' (Eggleston) 7.16 1.58 
3.008 X 9.0 1 10.33 1. 55 
4.000 X 9. o' (Eggleston) 15.24 1.52 
Figures 30, 31, 32, 33, 34, and 35 present the results 
of the free-flow analyses to show the original free-flow 
discharge parameters corresponding to the following Cutthroat 
flumes: 2 11 , 4 II I 6 11 , 8 11 X 1.5 1 ; 4 11 , 8 11 , 16 11 X 3.0 1 ; 6 11 , 12 11 , 
24 11 x 4.5'; and 1.025', 1.991', 2', 3.008', 4' x 9.0'. For 
each flume size, the best fit of Cf and nf along with the 
corresponding r 2 values can be obtained for each free-flow 
equation obtained by linear regression. This linear 
regression analysis is obtained by using a power function on 
a hand-held calculator, or electronic spreadsheet software, 
QPRO, on a personal computer. 









"' cl -0.1 6" Equations of "best fit" Fiuzot (1977) Doto a 
]-0.2 







Qf=0.99 *(Hu-2 .00) 
r-2=0.9991 
-0.6 --1----~--~----------.l====,=====j 
-0.9 -0.7 -D.5 -0.3 
log{Hu:fl) 
-0.1 0.1 0.3 
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x 4.5 1 Cutthroat Flumes. 
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Free-flow discharge parameters (Cf and nf) for the four 
cutthroat flume lengths are shown in Figures 30 to 35 and 
summarized in Table 2. These results will be referred to as 
the "best-fit" free-flow calibrations. (Later, in Chapter V, 
"generalized" calibrations will be developed.) 
Submerged-Flow Analysis 
Similarly, a 8" x 3. 0' cutthroat flume is used as an 
example to detail the submerged-flow analysis. 
As mentioned in Chapter I, the submerged-flow rate, Q
5
, 
is not only a power · function of the negative logarithm of the 
submergence, S, but also a power function of the difference 
between the upstream and downstream piezometric heads (Eq. 
1. 3). 
Cs (hu-hd) nf 
Qs=------
(-log(S) )n ° 
( 4 . 4 ) 
As reviewed in Chapter II, the determination of C
5 
and ns was 
performed first by graphically finding the value of Q 
s 
corresponding to the unity difference between the upstream 
and the downstream piezometric heads; namely, hu- hct = 1 is 
assumed. Then, (hu- hct)nf = 1. The resulting submerged-flow 
equation becomes the following simplified form, for ~h=l, 
Os(Ah=l) =Cs (-log (S)) -ns (4.5) 
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Second, perform the linear regression of the transformed data 
according to Eq. 4.5. In this study, not only the previous 
submerged-flow method is used, but also a different method of 
submerged-flow analysis is used as described below. 
The first step is to select data from Table 29 (Appendix 
A). The upstream piezometric head, hu, and the downstream 
piezometric head, hd, for a certain flow rate are selected 
such that the submergence (S = hd/hu x 100%) is greater than 
60 percent to ensure that submerged flow occurs. The 
corresponding flow rate, Q
5
, is also selected. The selected 
data for submerged-flow analysis are listed as Columns (1), 
(2), and (6) in Table 3. The difference between the upstream 
and downstream h e ads, hu - hd, and the submergence, S, are 
calculated and listed as Columns (3) and (4) in Table 3, 
respectively. 
The second step is to transform the data. An adjustment 
is made for the discharge before the logarithmic 
tr a n s formation. Define Q~ 1 as the quotient of Q5 and (hu -
Also, 
( 4. 6) 
The calculated Qd. is listed as Column (7) in Table 3. 
a J 
This adjusted discharge, QadJ, is similar to the previous 
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studies. In the wake of the adjustment of Q
5
, the 
submergence is logarithmically transformed, and then the 
logarithmic transformation of the negative logarithm of 
submergence and the Q adj is conducted. The final 
logarithmically transformed submergence and the transformed 
Qadj are listed as Columns ( 5) 
respectively. 
and ( 8) in Table 3, 
The third step is to perform the linear regression with 
the final transformed submergence, log of -log s, as the 
independent variable and the transformed Q as the dependent adj 
variable. Similar to the free flow analysis, a linear 
function is obtained, which takes the following form 
log (QadJ) =c+dlog(-log (S)) ( 4. 8) 
where c is the constant of the linear regression and dis the 
coefficient of the dependent variable in the linear 
regression. Rearranging Eq. 4.5 yields 
or, 
where = lOc, · which 
Cs(hu-hd)nr 
Os=------
( -1 og ( S) ) n,, 
is defined 
( 4. 9) 
(4.10) 
as the submerged-flow 
coefficient, and n
5 
= -d, which is defined as the submerged-
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TABLE 3. Selected Submerged-Flow Data for the 8 II X 3. 0' 
cutthroat Flume. 
( 1) ( 2) ( 3) ( 4) ( 5) ( 6) (7) ( 8) 
hu hd hu-hd s log(-logS) Qs Qadj log(Qadj) 
(ft) (ft) (ft) (%) (cfs) (cfs) 
.488 .366 .122 75.000 -.903 .800 31.105 1. 493 
.488 .399 .089 81. 762 -1. 058 .800 53.846 1.731 
.493 .427 .066 86.613 -1.205 .800 90.591 1. 957 
.496 .445 .051 89.718 -1.327 .800 141.879 2.152 
.501 .464 .037 92.615 -1. 4 77 .800 247.981 2.394 
.508 .477 .031 93.898 -1. 563 .800 337.381 2.528 
.520 .492 .028 94.615 -1.619 .800 402.750 2.605 
.531 .506 .025 95.292 -1. 679 .800 490.539 2.691 
.535 .515 .020 96.262 -1.781 .800 723.263 2.859 
.546 .530 .016 97.070 -1. 889 .800 1066.399 3.028 
.683 .485 .198 71.010 -.828 1.390 23.271 1. 367 
.688 .538 .150 78.198 -.971 1. 390 37.724 1. 577 
.697 .592 .105 84.935 -1. 149 1. 390 70.169 1. 846 
.719 .642 .077 89.291 -1.308 1. 390 120.371 2.081 
.738 .677 .061 91. 734 -1.426 1. 390 180.527 2.257 
.756 .710 .046 93.915 -1. 564 1. 390 294.996 2.470 
.778 .741 .037 95.244 -1.674 1.390 430.868 2.634 
.812 .782 .030 96.305 -1. 787 1. 390 620.618 2.793 
.846 .824 .022 97.400 -1.941 1. 390 1064.630 3.027 
.806 .513 .293 63.648 -.707 1. 910 16.169 1. 209 
.810 .600 .210 74.074 -.885 1. 910 28.865 1. 460 
.825 .668 .157 80.970 -1. 038 1. 910 47.882 1. 680 
.843 .716 .127 84.935 -1. 149 1.910 69.249 1. 840 
.8 69 .766 .103 88.147 -1. 261 1. 910 99.700 1. 999 
.890 .814 .076 91.461 -1.412 1.910 169.207 2.228 
.920 .860 .060 93.478 -1.533 1. 910 255.300 2.407 
.950 .903 .047 95.053 -1.657 1. 910 390.466 2.592 
.984 .947 .037 96.240 -1.779 1. 910 592.055 2.772 
.980 .662 .318 67.551 -.769 2.660 19.528 1. 291 
.990 .753 .237 76.061 -.925 2.660 32.570 1. 513 
1. 009 .828 .181 82.061 -1.066 2.660 52.062 1. 717 
1.035 .894 .141 86.377 -1. 197 2.660 80.397 1. 905 
1.069 .957 .112 89.523 -1.318 2.660 120.017 2.079 
1.111 1.021 .090 91.899 -1. 435 2.660 175.590 2.245 
1.149 1.080 .069 93.995 -1. 570 2.660 278.794 2.445 
1.189 1.140 .049 95.879 -1.738 2.660 505.755 2.704 
1.235 1.198 .037 97.004 -1.879 2.660 824.536 2.916 
1.279 1.256 .023 98.202 -2.103 2.660 1885.711 3.275 
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flow exponent. For a 8" x 3.0' cutthroat flume, c = -0.12696 
and d = -1.50464. Thus, Cs 
subm e rged-flow equation is: 
1.339544 and ns = 1.50464 and the 
1. 34 (h -h ) 1. 74 
Q = u d (4.11) 
s (-log (S)) i.50 
Figures 36, 37, 38, 39, 40, and 41 present the results of 
the submerged-flow analyses to show the best-fit submerged-
flow discharge parameters corresponding to the following 
Cutthroat flumes: 2 11 , 4",6", and 8" x 1.5'; 4", 8", 16" x 3'; 
6 11 , 12", 18", 24" x 4.5'; and 1.025', 1.991', 2', 3.008' ,4' x 
9. 0'. For each flume size, the "best fit" of nf, Cs, ns, and 
r 2 values are listed above the plot. This linear regression 
analysis for submerged flow is obtained by using a power 
function on a hand-held calculator, or electronic spreadsheet 
software, QPRO, on a personal computer similar to the free-
flow analysis. 
The submerged-flow discharge parameters(C
5 
and n5 ) 
obtained by using the initial free-flow exponents, nf, from 
the "best fit" free-flow calibration (Table 2) are summarized 
in Table 4 for the four Cutthroat flume lengths. 
Determination of Initial 
Transition Submergence 
As defined in Chapter I, the transition submergence, st, 
is the submergence at which the flow regime changes from free 
SubmergedF1ow Calib.2", 4", 6", 8"x1.5CTF 
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FIGURE 36. Submerged-Flow Calibration of 2 11 , 4", 
6 11 , and 8 11 x 1.5' cutthroat Flumes. 
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TABLE 4 . Submerged-Flow Discharge Parameters for Some sizes 
of cutthroat Flumes. 
Flume Size nf cs ns 
2 • 0 II X 1. 5, 2.00 0.62 1. 50 
4. 0 II X 1.5' 2.10 1.08 1. 70 
6 • 0 II X 1.5' 1. 86 1.18 1. 65 
8 • 0 II X 1.5' 1. 93 1. 62 1. 75 
4. 0 II X 3. 0' 1. 88 0.74 1. 52 
8 • 0 II X 3 . 0 ' 1. 74 1. 34 1. 51 
16.0 11 X 3 . 0 ' 1. 87 2.24 1. 69 
6. 0 II X 4 . 5 ' 1. 69 1.11 1. 37 
12.0 11 X 4 . 5 ' 1. 70 1. 85 1. 47 
24. 0 II X 4. 5' 1. 66 3.31 1.50 
1. 025' X 9.0' 1. 58 1. 95 1. 32 
1. 991' X 9.0' 1. 57 2.77 1. 45 
2.000' X 9.0' 1. 58 3.32 1. 41 
3.008' X 9.0' 1. 55 4.52 1.42 
4.000' X 9.0' 1. 52 7.23 1. 38 
flow to submerged flow, which is calculated by setting the 
free-flow discharge equation equal to the submerged-flow 
discharge equation 
( 4. 12) 
or, the following equation can be obtained from Eq. 1.10 
C ( - log ( S ) ) ns_c ( l -S ) nt=o 
f t s t 
(4.13) 
The Newton-Raphson method is used to solve for St from 
Eq. 4. 13. The Newton-Raphson method is very adapted to 
solving either a single equation or an entire system of 
nonlinear equations. This method converges rapidly to the 
solution if a reasonable starting value is given. 
Mathematically, the Newton-Raphson method has quadratic 
convergence, whereas many other iterative methods have linear 
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converg e nce ch a ract e ristics. Th e Newton- Raphson me thod is 
also very easy to implement using a computer program, or to 
utilize with a pocket calculator. 
The determination of st only involves a single equation. 
The first step in using the Newton-Raphson method to solve for 
St is to write the nonlinear equation, Eq. 4.13, in the form 
of a function of St equal to zero. 
represented a s 
The equation should be 
(4.1 4 ) 
The second step is to differentiate the function F(St) 
with respect to St as follows 
dF ( S t ) -n sCf ( - log (St )) ( ns- 1 l 
--- - = ------------- -
(Scl og l0 ) +C sn f (l -S t ) (nt-ll 
( 4 .15) 
The thi r d step is to implem e nt the iter a tion s given a 
st a rting value, or initial gue s s for the solution . 
S (m+l ) =S (m ) _ 
t t 
F ( s;m )) 
dF ( St <ml) 
dSt 
(4.1 6) 
where the superscript, m or m+l, does not represent an 
exponent, but rather the iteration number, in which mis equal 
to or greater than zero. After solving for St and replacing 
the st by st+ 1 , the iterative formula, Eq. 4. 16, indicates 
that the process will be repeated until the value of st~, is 
close enough to the true solution to be accepted. A FORTRAN 
program is designed to solve for the transition submergence, 
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St, between the free-flow and submerged-flow regimes with the 
Newton-Raphson method as listed in Table 5. 
For a 8" x 3.0' Cutthroat flume, Eqs. 4.14 and 4.15 
become 
F(St) =2.7708 (-log(St) ) 1 · 5046 -1.3395 (l-St)i. 7437 =0 (4.17) 
and differentiating, 
dF(St) -1.5046*2 .77 08 (-log(St)) 0 · 5046 
---=-----------------
TABLE 5. FORTRAN Program to Solve for the Transition 
Submergence. 
REAL NS, NF 
WRITE ( *, *) 'GIVE NF, NS, CF, CS' 
READ(*,*)NF,NS, CF, CS 
* NF= THE FREE-FLOW DISCHARGE EXPONENT 
* NS THE SUBMERGED-FLOW DISCHARGE EXPONENT 
* CF= THE FREE-FLOW DISCHARGE COEFFICIENT 
* CS= THE SUBMERGED-FLOW DISCHARGE COEFFICIENT 
5 WRITE(*,*) 'GIVE STARTING VALUE FOR ST' 
READ(*,*)ST 
* ST= THE TRANSITION SUBMERGENCE 
R = LOG ( 10.) 
NCT = 0 
10 DFDST = -NS*CF*(-LOG(ST)/R)**(NS-1.)/(ST*R 
1 +CS*NF*(l.- ST)**(NF-1.)) 
FST = CF*(-LOG(ST)/R)**NS-CS*(l.-ST)**NF 
DST= FST/DFDST 
WRITE(*,*)'DST =' ,DST 
ST= ST-DST 
WRITE(*,*) 'ST=' ,ST 
IF(ST .LE. 0 .. OR. ST .GE. 1.) THEN 
WRITE(*,*) 'BAD STARTING VALUE, GUESS AGAIN' 
GOTO 5 
ENDIF 
NCT = NCT + 1 




( 4. 18) 
Substituting Eqs. 4.17 and 4.18 into Eq. 
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4.16 allows 
implementing the Newton-Raphson iterative method by the 
FORTRAN program. A starting value of St= 60% is given to run 
the FORTRAN program and St= 7J.0J5% is obtained. 





) are used to compute St for four cutthroat flume 
lengths because the transition submergence, St, is very 
sensitive. The analytical values of the transition 
submergence parameter, st, using the Newton-Raphson iterative 
method for some sizes of Cutthroat flumes, are summarized in 
Table 6. 
TABLE 6. Transition Submergence, st, Parameters Using 
the Newton Iterative Method for Some Sizes of 
cutthroat Flumes. 
Flume Size st (%) 
2. 0 II X 1. 5, 80.00 
4 • 0 II X 1. 5' 67.59 
G. 0 11 X 1. 5' 80.00 
8. 0 11 X 1. 5' 65.92 
4. 0 11 X 3.0' 60.00 
8. 0 11 X 3. 0' 73.04 
16.0 11 X 3. 0' 80.00 
6 • 0 II X 4. 5' 64.25 
12.0 11 X 4. 5' 72.24 
24.0 11 X 4. 5' 80.00 
1. 025' X 9. 0' 73.32 
1.991' X 9. 0' 80.00 
2.000' X 9. 0' 80.00 
3.008' X 9. 0' 81.41 
4.000' X 9.0' 69.21 
CHAPTER V 
UNIFIED DATA ANALYSIS 
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This chapter will unify the data analysis based on the 
results obtained in Chapter IV. The unified data analysis 
consists of slightly adjusting the discharge parameters, Ct, 
nf, Cs, ns, and St in order to develop smooth graphs of the 
discharge parameters versus the ratio of flume width, W, over 
flume length, L. The assumption is that the geometric 
similitude between the various sizes of cutthroat flumes 
should result in continuous functions for each discharge 
parameter when plotted against the ratios of width over 
length, W/L. 
Definitions of Initial 
and Final Parameters 
Initial parameters are defined as the discharge 
parameters of Cf, nf, Cs and n
8 
obtained by performing linear 
regression on the original data which provide the free-flow 
and submerged-flow equations of "best-fit"; thus, the 
discharge parameters are called the "best-fit" parameters. 
The final parameters are those determined by trial-and error 
in developing continuous functions for each of the five 
discharge parameters, while minimizing the standard deviation 
for the dependent variable (Qt or Q
5
); thus, the final values 
of the discharge parameters are called the "unified" 
parameters. 
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Best-Fit Discharge Parameters 
The initial discharge parameters (Cf, nf' Cs, ns, and St) 
developed in Chapter IV for four Cutthroat flume lengths are 
based on the laboratory data introduced in Chapter III. The 
best-fit discharge parameters (Cf, nf, Cs, and ns) for flume 
lengths of 1.5', 3.0', 4.5', and 9.0 1 were obtained by means 
of free-flow analysis and submerged-flow analysis as 
described in Chapter IV. The transition submergences were 
obtained by a computer program using the Newton-Raphson 
iterative method cited in Chapter IV, which uses the best-fit 
values of cf, nf, c s , and ns as input for obtaining the best-
fit value of St. The best-fit discharge parameters for these 
four flume lengths are listed in Tables 7 to 12. 
TABLE 7 . Best-Fit Discharge Parameters (cf' nf' cs, ns' and 
st) for L = 1. 5 I• (After Fiuzat, 1977) 
W X L W/ L cf n f cs ns St( %) 
2 II X 1.5' 0.1111 0 . 99 2.00 0.62 1. 50 80.00 
4 II X 1.5 1 0.2222 2.06 2.10 1.08 1. 70 67.59 
6 II X 1.5 1 0. 33 33 2.79 1. 86 1.18 1. 65 80.00 
8 II X 1. 5 I 0.4444 4.04 1. 93 1. 62 1. 75 65.92 
TABLE 8. Best-Fit Discharge Parameters (cf' nf' cs' ns' and 
st) for L = 3. 0 I • (After Bennett, 1972) 
W X L W/ L cf nf c s ns St( %) 
4 II X 3' 0.1111 1. 45 1.88 0.74 1. 52 60.00 
8 II X 3 I 0.2222 2.77 1. 74 1. 34 1. 51 73.03 
16 11 X 3' 0.4444 6.04 1.87 2.24 1. 69 80.00 
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TABLE 9. Best-Fit Discharge Parameters (Cf, nf, Cs, ns, and 
St) for L = 4.5'. (After Bennett, 1972) 
W X L 
6 11 X 4.5 1 
12 11 X 4.5 1 
24 11 X 4.5 
TABLE 10. 
W X L 
6 II X 4.5' 
12 II X 4.5' 
18 II X 4.5 1 
TABLE 11. 
W X L 
2 I X 9' 










st) for L = 4 • 5 I • 
W/L cf 




















(After Henry, 1990) 
nf cs ns 
1. 66 1.20 1. 32 
1. 58 2.12 1. 31 
1. 57 2.65 1. 40 










CS I ns' and 
(After Eggleston, 1967) 
nf cs ns St(%) 
1. 58 3.32 1. 41 72.24 
1. 52 7.23 1. 38 80.00 
Parameters ( cf f nf' cs' ns' and 
st) for L = 9. o'. (After Huson and Gardell, 1980) 










nf cs ns St(%) 
1.58 1. 95 1. 32 73.32 
1.57 2.77 1. 45 80.00 
1.55 4.52 1. 42 81. 41 
Based on the best-fit discharge parameters listed in 
Tables 7 to 12, the preliminary analysis for unifying the 
values of the discharge parameters can be undertaken. The 
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first step is to plot five graphs, one for each of the five 
discharge parameters (which would be plotted on the ordinate 
as the dependent variable) versus the ratio of flume width 
over flume length plotted as the independent variable on the 
abscissa. 
The connected lines between the best-fit points in Figs. 
42 to 46 are not smooth and there is considerable scatter in 
each graph. It is desirable, if possible, to obtain smooth 
curves to clearly show the trends of the relation of the 
discharge parameters with the ratio of W/L so as to set up 
bases on which the adjustment of the discharge parameters 
will be made to obtain the unified values. The trend for the 
free-flow and the submerged-flow discharge parameters (Cf, nf' 
Cs, ns, and St) versus the ratio of W/L in each graph is not 
so apparent, but looking at these graphs some trends do 
exist. Using visual judgment, smooth curves are superimposed 
in Figs. 42, 43, 44, 45, and 46 u s ing all of the best-fit 
values as a guide for these trend curves. 
Adjustment of Discharge 
Parameters 
The second step is to calculate four different ratios of 
Cf over Cs, where two of the ratios are calculated by ( 1) 
using the best-fit values of Cf and Cs obtained from Chapter 
IV; and (2) using the values of cf and Cs read from the smooth 
Cf vs W/L . 
16~----.----,,----,--~--,---,-------ir--.- ---i 
o _).,,it!~=t=:___+--i--~--1---l--+--+--- I 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.'15 
W/L 
FIGURE 42. The Relation Between the Best-Fit Free-Flow 
Coefficient, Cc, and the Ratio of W/L. 
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FIGURE 43. The Relation Between the Best-Fit Free-Flow 


































0 0.05 0.1 0.15 0.2 0 .25 0.3 0.35 0.4 0.45 
W/L 
FIGURE 44. The Relation Between the Best-Fit Submerged 




























4 • 5 I 
9.0 1 
0 0 .05 0.1 0.15 0.2 0 .25 0.3 0.35 0.4 0.45 
W/L 
FIGURE 45. The Relation Between the Best-Fit Submerged 
Flow Exponent, n, and the Ratio of W/L. 
B 
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graphs in Figs. 42 and 44. The other two ratios are obtained 
from the following equation: 
Cf_ (1-Sc)nf 
cs (-logSC) n s 
( 5. 1) 
where Cf/C s is calculated: (3) using the best-fit values of 
nf, ns and St from Chapter IV; and ( 4) using the values of nf, 
ns, and St read from the smooth graphs in Figs. 43, 45, and 
46. 
The third step is to calculate St based on the data read 
from the continuous functions in Figs. 42 through 45 and then 
to check if this calculated value of St is equal to the value 
of St read from the smooth graphs in Fig. 46. 
The fourth step is to select a reasonable ratio of Cf 
over Cs based upon the results from steps two and three. 
Then Cf or c s is calculated by fixing either Cf or Cs as read 
from Fig. 42 or Fig. 44 using the selected ratio. Then, 
graphical solutions for transition submergence, St, are also 
obtained by using the following equation 
( 5. 2) 
A spreadsheet program is developed by use of QPRO to 
graphically solve for the transition submergence, St, using 
Eq. 5.2 (shown in Fig. 47). It is noted that the transition 
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submergence, St, has two roots shown in Fig. 47. A 
reasonable root is selected. 
The above steps were repeated until reasonable results 
were obtained. The results are summarized in Table 13. 
Unified Discharge Parameters 
In the unification of the data analysis, firstly, five 
graphs (Figs. 42 to 46) of the free-flow and submerged-flow 




and St) were developed. 
Based on the best-fit discharge parameters and trend curves 
superimposed on Figs. 42 to 46, various analyses were 
undertaken a s shown in Table 13. The results of these 
analyses were also plotted (but not shown) similar to Figs. 
4 2 to 4 6. This is a trial-and error process that is very 
time consuming. As the final estimates of the unified 
discharge parameters are approached, simple statistical 
analysis is used. 
Comparisons between the measured discharges and 
predicted discharges are made by calculating the relative 
errors, absolute errors, and standard deviation, which 
provided the basis for finalizing the values of the unified 
discharge parameters for each size of Cutthroat flume. The 
final portions of the unified data analysis are described 
below. 
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TABLE 13. Various Calculations of st' Ratios of ct and cs' 
and Discharge Coefficients of c<' c s , nf I ns' 
and st. 
Best-Fit Discharge Parameters 
L WxL W/L ct C Cf/Cs nf ns s 
( 1) ( 2) ( 3) ( 4) (5) ( 6) ( 7) ( 8) 
1.5 1 2 11xl.5' 0.111 0.989 0.620 1.596 1.996 1. 500 
3 • 0 I 4 11X3. 0 I 0.111 1.450 0.740 1.959 1.880 1. 520 
4.5 1 6"x4.5' 0.111 1.870 1.110 1.685 1.690 1.370 
9.0 1 l.025'x9' 0.111 3.400 1.950 1. 744 1. 580 1. 320 
1.5' 4"xl.5' 0.222 2.055 1.080 1. 868 2.095 1. 700 
3.0' 8"x3.0' 0.222 2.770 1.340 2.067 1. 740 1. 510 
4.5' 12"x4.5' 0.222 3.730 1.850 2.016 1.700 1. 470 
9. 0' l.99l'x9' 0.221 6 . 770 2.770 2.444 1.570 1.450 
9.0 1 24"x9.0' 0.222 7.160 3.320 2.157 1.580 1. 410 
1. 5 I 6"xl.5' 0.333 2.786 1.180 2.361 1. 859 1. 650 
4.5' 18"x4.5' 0.333 5 .706 2.650 2.153 1. 567 1. 404 
9.0 1 3.008"x9' 0.333 10.330 4.520 2.285 1. 550 1.420 
1.5 1 8"xl.5' 0.444 4.035 1.620 2.491 1. 928 1.750 
3.0' 16"x3.0' 0.444 6.040 2.240 2.696 1.870 1.690 
4.5 1 24 "x4. 5' 0.444 7.790 3.310 2.353 1. 660 1. 500 
9.0 1 48"x9.0' 0.444 15.240 7.230 2.108 1. 520 1.380 
Best Gra12hical st from 
-Fit Orig- Graphical 
St( %) Cf/Cs cf cs Cf/Cs inal nf ns 
( 9) (10) ( 11) ( 12) ( 13) (14) (15) (16) 
80.00 1.334 1.020 0.630 1.619 60.0 1. 988 1. 490 
60.00 1.761 1.430 0.820 1.744 64.0 1.690 1.400 
64.25 1.685 1.920 1.150 1.670 66.8 1.620 1.300 
73.32 1. 74 7 3.400 2.100 1.619 62.0 1. 588 1. 225 
67.59 1.606 1.900 1.180 1.610 35.5 1.960 1.603 
73.03 2.069 2.830 1. 4 50 1.952 67.0 1.670 1.500 
72.24 2.011 3.800 2.010 1.891 62.0 1.575 1. 400 
80.00 2.357 7.100 3.500 2.029 55.0 1.550 1. 317 
80.00 2.113 7.100 3.510 2.023 74.5 1. 550 1.322 
80.00 2.360 2.950 1.500 1.967 58.0 1.938 1.690 
77.90 2.125 5.750 2.750 2.091 73.0 1.568 1. 465 
81. 41 2.275 10. 2 00 , 4.900 2.082 72.0 1.542 1. 390 
65.92 2.499 3.950 1.800 2.194 52.0 1.918 1. 742 
80.00 2.547 5.970 2.500 2.388 78.0 1. 655 1. 640 
80.00 2.292 7.760 3.200 2.425 76.0 1.562 1.520 
69.21 2.096 13.900 6.000 2.317 48.0 1. 540 1.440 
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Tl\13LE 13. (Cont.) 
Graphical Solutions Calculate cf when cs & Cf/Cs fixed 
st c,;cs St(%) c,;cs cf C n n s 
( 2 3) 
s 
( 17) (18) (19) ( 2 0) (21) (22) (24) 
0.530 1.520 62.0 1.520 0.958 0.630 1.988 1.490 
0.608 1.754 58.0 1. 754 1. 438 0.820 1.690 1.400 
0.668 1.613 66.0 1.613 2.097 1. 300 1.620 1.300 
0.790 1.368 65.0 1.368 2.874 2.100 1. 588 1. 225 
0.575 1.837 40.0 1.837 2.168 1.180 1.960 1. 603 
0.563 2.013 53.0 2.013 2.919 1.450 1.670 1.500 
0.750 2.072 57 . 0 2.072 4.165 2.010 1. 575 1.400 
0.830 1.759 76.0 1.759 6.157 3.500 1. 550 1. 317 
0.830 1.781 76.0 1.781 6.234 3.500 1.550 1.322 
0.595 2.150 50.0 2.150 3.225 1. 500 1. 938 1.690 
0.778 2. tl 27 57.0 2.427 6.675 2.750 1.568 1. 465 
0.850 2.137 70.0 2.137 10.473 4.900 1. 542 1.390 
0.600 2.376 52.0 2.376 4. 27 .8 1.800 1.918 1.742 
0.703 2.911 53.0 2.911 7.278 2.500 1. 655 1. 640 
0.785 2.781 62.0 2.781 8.900 3.200 1. 562 1.520 
0.860 2.453 72.0 2.453 14.716 6.000 1.540 1.440 
st Calculate C s when cf & c,;cs fixed 
c, ; c s c, C n ns st s 
( 2 9) (25) (26) (27) ( 2 8) ( 3 0) ( 31) 
0.530 1.520 1.020 0.671 1.988 1.490 0.530 
0.608 1.754 1.430 0.815 1.690 1. 400 0.608 
0.668 1.613 1.920 1. 1.90 1.620 1.300 0 . 668 
0.790 1 . 368 3.400 2.485 1.588 1.225 0.790 
0.575 1.837 1.900 1.034 1.960 1.603 0.575 
0.563 2.013 2.830 1. 406 1.670 1.500 0.563 
0.750 2.072 3.800 1.834 1.575 1.400 0.750 
0.830 1.759 7.100 4.036 1.550 1.317 0.830 
0.830 1.781 7.100 3.986 1.550 1.322 0.830 
0.595 2.150 2.950 1.372 1. 938 1.690 0.595 
0.778 2.427 5.750 2.369 1.568 1.465 0.778 
0.850 2.137 10.200 4.772 1. 542 1.390 0.850 
0.600 2.376 3.950 1.662 1. 918 1. 742 0.600 
0.703 2.911 5.970 2.051 1. 655 1. 640 0.703 
0.785 2.781 7.760 2.790 1. 562 1. 520 0.785 
0.860 2.453 13.900 5.667 1.540 1.440 0.860 
TABLE 13. (Cont.) 
Notes: 
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Columns (4) and (5) are the original best-fit data 
listed in Tables 7 to 12. 
Column (6) is the ratio of column (4) over column (5). 
Columns (7) and (8) are also original best-fit data 
listed in Tables 7 to 12. 
Column ( 9) is the transition submergence calculated from 
Eq. 5.1 using the original best-fit data listed in columns 
(4), (5), (7), and (8). 
Column (10) is the ratio of Cf/C
8 
based on original data 
listed in Table 7 through 13 and Eq. 5.1. 
Column (11) and (12) are graphical data read from two 
graphs for Cf (Fig. 5.1) and cs (Fig. 5.3). 
Column (13) is the ratio of column (11) over column 
( 12) . 
Column ( 14) is the transition submergence calculated 
from Eq. 5.2 using the data in columns (7), (8), (11), and 
( 12) . 
Columns ( 15), ( 16), and ( 17) are graphical data read 
from the three graphs for nt (Fig. 5.2), ns (Fig. 5.4.) and 
St (Fig. 5.5). 
Column ( 18) is the ratio of C/Cs calculated from Eq. 5 .1 
using the graphical data read from columns (15), (16), and 
( 1 7) • 
Column (19) is transition submergence from graphical 
solution by using Eq. 5.2. 
Column (20) is the same ratio of Cf/Cs listed in column 
(18) used for the iterative process to determine transition 
submergence when Cs is fixed. 
Col~mn (21) is the same C value in column (12). The 
value of C is fixed when trial-and-error is used to 
s 
calculate the transition submergence, st. 
Column (22) is the value of Ct calculated by the ratio 
of C/Cs in column ( 20) multiplied ny Cs. 
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Columns (23) and (24) are the same values of nf and ~s 
in columns (15) and (16). The transition submergence, St, is 
calculated when Cs and the ratio of Cf/Cs are fixed and 
values of nf and ns are kept the same. 
Column (25) is the transition submergence from graphical 
solution obtained by reading the cross point. 
Column (26) is the same value listed in column (18) used 
for the iterative process to determine transition submergence 
when cf is fixed. 
Column (27) is the same Cf value in column (11). Trial-
and-error is used to calculate the transition submergence, 
st, when th e value of Cf is fixed . 
Column (28) is the value of C calculated by the value 
of Cf in column (27) divided by th~ ratio of Cf/Cs in column 
( 2 6) • 
Columns (29) and (30) are the same values of nf and n 
in columns (15) and (16). Transition submergence, St, iJ 
calculated when Cf and the ratio of Cf/Cs are fixed and the 
values of n f and ns are kept the same. 
Column (31) is the transition submergence from graphical 
solution obtained by reading the cross point. 
Unified Free-Flow Analysis 
Initial Det e rmin a tion of cf 
Figure 48 indicates that the value of the free-flow 
coefficients, Cf , appears to be a linear function of the 
ratio, W/L. Thus, initially, a 1 inear function will be 










Lines are drawn through the best-fit data points for the 
four flume lengths in Fig. 48, and slopes of these lines, Jf, 
are read to be 9.18, 13.20, 17.40, and 31.50. With Jf, Kf can 
be calculated using Eq. 5. 5. Thus, the free-flow 
coefficients, cf, can be calculated, which are listed in 
Table 14. 
TABLE 14. Initial Determination of the Unified Free-Flow 
Coefficients. 
L Jf Cf=Kf*W 
1. 5' 9.18 cf = 9.18*(W/l.5')=6.120*W 
3 • 0 I 13.20 cf =13.20*(W/3.0')=4.400*W 
4. 5' 17.40 cf =17.40*(W/4.5')=3.867*W 
9.0 1 31. 50 cf =31.50*(W/9.0')=3.500*W 
For example, from the slope of the straight line through 
the best-fit data points for L = 1.5', Jf is 9.18. Then, the 
value of Kf can be calculated as 
then, 
where Wis in feet. 
K = Jf = 9. 18 =6. 12 
f L 1. 5 
( 5. 6) 
(5.7) 
Slopes of the lines for the four flume lengths in Fig. 
48, Jf, versus flume length are plotted on logarithmic 
Cf vs W/L 
10 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 
W/L 
FIGURE 48. Relation Between the Free-Flow Coefficient 
Cr , and the Ratio of W/L. 
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FIGURE 49. Relation Between Jr and Flume Length, L. 
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FIGURE 50. Relation Between Kc and Flume Length, L. 
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coordinates in Fig. 49. Kf versus L is shown in Fig. 50. 
These graphs were prepared to check the uniformity in the 
variation of Jf and Kf with flume length. 
The values of cf for a flume length of 1. 5 1 , for 
example, can be calculated using Eq. 5.7 and the results are 
listed in Table 15. 
TABLE 15. Calculated Values of Free-Flow Coefficients, ct, 
for Flume Length of 1. 5 I• 
L(ft) W(in) w (ft) W/L cf 
1. 5 2 1/6 1/9 1.02 
1.5 4 1/3 2/9 2.04 
1. 5 6 1/2 3/9 3.06 
1. 5 8 2/3 4/9 4.08 
However, the relationship between the free-flow 
coefficient, cf, and flume width, W, may not be exactly 
linear. A very careful study of Fig. 48 indicates that the 
free-flow coefficient, cf, is increasing slightly more 
rapidly than the ratio of W/L. Thus, this relationship still 
needs further refinement by adjusting slightly the values of 
Improvement of cf Values 
According to Walker and Skogerboe (1987), the value of 
the free-flow coefficient, Cf, for a Cutthroat flume is a 
function of both flume length and throat width as follows 
( 5. 8) 
where Kf = f(L). 
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The above equation is used to calculate values of the 
free-flow coefficient, Cf, because it works better than a 
linear relation. For L = 9.0', for example, a 1.025' x 9.0' 
Cutthroat flume has a free-flow coefficient of Cf = 3. 42 
(best-fit value is 3.40) and Kf = 3.42 / 1.0251.o 25 = 3.336. 
Then, the value of Kf is approximately equal to 3.34 taken to 
two decimal numbers. Thus, cf= 3.34 for al' x 9.0' 
Cutthroat flume. Then, for a 3' x 9.0' cutthroat flume, Cf 
= 3.34 * (3)1.o 25 = 10.30, whereas the best-fit value from the 
free-flow data analysis is cf= 10.32. Thus, Kf = 3.34 will 
be used for L = 9.0'. 
For L = 4.5', the value of the free-flow coefficient, Cf 
= 7.75 was initially used for a 24 11 x 4.5' Cutthroat flume 
(W/L = 4/9), whereas the best-fit value is 7.79. Then, the 
following form is derived based on Eq. 5.8. 
7.75 =3.81 
(2) 1.0 2 5 
( 5. 9) 
(5.10) 
One more value of the free-flow coefficient, Cf= 7.80, 
is tried for a 24" x 4.5' Cutthroat flume (W/L = 4/9). Then, 
the new value of Kf is calculated as 
K= f 
7 . 80 =3. 833 =3. 83 
(2)1.0 2 5 
For a 6 11 x 4.5' Cutthroat flume (W/L 
of Cf can be calculated as follows: 
(5.11) 
1/9), the value 
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(5.12) 
The best-fit value of cf for a 6 11 x 4. 5' cutthroat flume (W/L 
= 1/9) from the free-flow data analysis is Cf= 1.87 (column 
(4) in Table 13). Therefore, for L = 4.5', Kf = 3.83 will be 
used. 
For L = 3', the value of free-flow coefficient, Cf= 
5. 95 will be tried for a 16" x 3' Cutthroat flume (W/L = 
4/9). The best-fit value of Cf is 6.04, but the value of 
5.95 was derived from the results shown in Table 13 and many 
trial-and-error calculations. Then, 
5. 9 5 =Kf* ( 1. 3 3 3) 1. 025 (5.13) 
The value of Kf is obtained for a flume length of 3.0' as 
K =--5_.9_5 __ =4.43 
f (1.333)1.025 
(5.14) 
For a 4" x 3.0' Cutthroat flume (W/L = 1/9), the free-
flow coefficient, cf, becomes 
Cf=4. 43 * (0. 3333) 1.o25=1. 44 (5.15) 
The best-fit free-flow coefficient value for a 4" x 3. 0' 
Cutthroat flume (W/L = 1/9) from the free-flow data analysis 
is cf = 1.45. 
used. 
Therefore, for L = 3.0 1 , Kf = 4.43 will be 
For L = 1.5', the value of the free-flow coefficient, Cf 
= 4.00 will be tried for a 8 11 x 18" Cutthroat flume (W/L = 
4/9). The best-fit value of the free-flow coefficient is cf 
= 4.035 (column (4) in Table 13). However, another computed 
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value is Cf= 3.95 (column (11) in Table 13). Thus, cf= 4.00 
is a compromise value derived by trial-and error. Then, the 
following form is derived based on Eq. 5.8: 
4. 00==Kf* (0. 6667) 1.o 25 (5.16) 
K- 4.00 ==6.06 
f- ( 0 . 6 6 6 7 ) 1. 025 
(5.17) 
For a 2 11 x 18 11 Cutthroat flume (W/L = 1/9) 
Cf==6. 06* (0 .16667) 1 · 025 ==0 .97 (5.18) 
The best-fit value of the free-flow coefficient for a 2 11 x 
18" cutthroat flume (W/L = 1/9) from the free-flow data 
analysis i s Cf= 0.989. Thus, for L = 1.5', Kf = 6.06 will 
be used. Kf is only a function of the flume length. Thus, 
for the four flume lengths, the unified values of Kf are 
summarized in Table 16. 
TABLE 16. Calculated Unified Values of Kf. 
L Kf 
1.5' 6.060 
3 • 0 I 4.430 
4.5' 3.830 
9 .0' 3.340 
For e a ch flume size with available laboratory data, Cf 
can be calculated using the above Kf values from Table 16 for 
the four flume lengths, L, of 1.5', 3.0', 4.5', and 9.0' 
based on Eq. 5.8. The results are listed in Table 17. 
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TABLE 17. The Calculated Values of the Unified Free-Flow 
Coefficients, 
WxL W/L 





4"xl.5 1 0.222 
8"x3.0' 0.222 
12"x4.5' 0.222 



























3 . 0 I 
4.5' 
9.0' 
Kf w ( ft) cf 
( 4) (5) (6) 
6.060 0.167 0.966 
4.430 0.333 1. 437 
3.830 0.500 1. 882 
3.340 1.025 3.426 
6.060 0.333 1.965 
4.430 0.667 2.924 
3.830 1.000 3.830 
3.340 1. 991 6.765 
3.340 2.000 6.797 
6.060 0.500 2.978 
3.830 1. 500 5.804 
3.340 3.008 10.327 
6.060 0.667 3.999 
4.430 1.333 5.949 
3.830 2.000 7.794 
3.340 4.000 13.831 
Once Cf is determined, nf can be calculated by 
regression. The Least Square Method is used to solve for nf 
when cf is fixed. 
The free-flow equation can be written in the following 
linear form as mentioned in Chapter IV 
Y=a*X+b (5.19) 
The derivation for the calculation of the free-flow exponent, 
nf, when Cf is fixed, is as follows 
(5.20) 
Err=°"' ( Y-Y.) 2 =°"' (aX.+b-Y-) 2 ~ .l ~ .l .l (5.21) 
103 
(5.22) 
dErr =2 *a* "" x. 2 +2 *b*"" x.-2 *"" x. * Y.=o da L 1. L 1. L 1. 1. (5.23) 
""X-*Y--b*"" x. a= L 1. 1. L 1. 
Lxl 
(5.24) 
Therefore, the free-flow exponent, nf, when Cf is fixed, is 
calculated as follows by statistical (regression) analysis: 
""X-*Y--logCf*"" X. n =L 1. 1. L 1. 
f "" 2 LXi 
(5.25) 
where X = log hu, Y = log Qf, a = n:f' and b = log Cf. 
The unified values of cf from Table 17 and the original 
laboratory free-flow data are used to solve for the initial 
unified values of nf using Eq. 5.25. Based on this 
calculation, the best-fit values of nf (ordinate) and initial 
unified values (by Eq. 5.25) of nf (ordinate) versus the 
ratio of flume width over flume length, W/L, (abscissa) are 
plotted in Fig. 51. 
The generalized free-flow exponent, nf, versus the ratio 
of flume width over flume length, W/L (shown in Fig. 5.10), 
indicates that nf is approximately a linear function of W/L 
for all of the four cutthroat flume lengths. This is an 
unexpected result. However, an assumption was made that the 











0.1 0.2 0.3 
0.4 
W/L 
Generalized Free-Flow Exponent, nf, Versus Ratio of Flume Width Over 
Flume Length, W/ L. 
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ratio of flume width over flume length, W/L, is linear as 
shown in Fig. 51. 
Determination of Unified 
Values of nf 
Based on the generalized relationshi p between nf versus 
W/L in Fig. 51, the difference between a ctual values of nf 
corresponding to the ratio of W/L can be read and is listed 
in Table 18. 
TABLE 18. Initial Unified Values of the Free-Flow Exponent, 



























From Table 18, tnf can be averaged an d adjusted slightly 
because the difference between tnf for e a ch flume length is 
slight. The adjusted values of nf are li s ted in Table 19 . 
TABLE 19. Adjustment of Initial Unified Values of the 
Free-Flow Exponent, nf. 
L W/L=0 W/L=l.0 
1.5' 1.979 1.851 
J • 0 / 1.874 1. 746 
4.5' 1. 715 1. 587 







With the assumption of a linear relationship between nt 
and W/L, the following expression can be obtained: 
(5.26) 
where a= Slope= -0.128, x = W/L, and b = nf at W/L = 0. 
The relation between the final unified free-flow exponents, 
nt, versus the ratio of flume width over flume length, W/L, 
is expressed in Table 20. 
TABLE 20. Relationship Between the Initial Unified Free-Flow 
Exponent, nt, Versus the Ratio of Flume Width Over 
Flume Length, W/L. 
L Equation: nt = b - 0.128 * (W/L) 
1. 5' nt = 1. 979 - 0.128 * (W/L) 
3 • 0 ' nt = 1. 874 - 0.128 * (W/L) 
4.5' nf = 1. 715 - 0.128 * (W/L) 
9.0' nt 1.595 - 0.128 * (W/L) 
Final Unified Values of nf 
Although the above relation between nf and W/L looks 
quite good, there is still a need to check the relationship 
between the value of the intercept, b, in Table 20 and the 
flume length, L. In order to finalize the unified values of 
nf, four relations between band flume length will be tried 
as follows: 
1. A linear relation between band flume length, L; 
b=a*L+b 1 (5.27) 
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2. A linear relation between Log (b) and Log of flume 
length, Log (L); 
Log(b)=a*Log(L)+b 1 (5.28) 
J. A linear relation between band L0g of flume length, 
L· I 
b=a*Log(L) +b1 (5.29) 
4. A linear relation between Log of band flum e length, 
L· I 
Log(b) =a* (L) +b 1 ( 5. 3 0) 
All of these four relations have co r relation 
coefficients higher than 0.90 and standard devi a ti ons lower 
than 0.064. Th e r e is some difficulty in establ i sh i ng which 
relation is the best if the judgment is solely b as e d on the 
correlation results. After the data for each of the four 
relations are plotted and visual judgment is mad e on the 
graphs, a slightly curvilinear relationship bet ween band L 
(Fig. 52) is considered to be better than any of the four 
relations. Thus, the value of b determined fro m Fig. 52 is 
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FIGURE 52. Relationship Between the Intercept Value of the 
Free-Flow Exponent and the Flume Length. 
TABLE 21. Relationship Between the Final Unified Free-Flow 
Exponent, nt, versus the ratio of Flume Width 
Over Flume Length, W/L. 
L Equation: nt = b - 0.128 * (W/L) 
1.5 1 nt = 1.979 - 0.128 * (W/L) 3 • 0 I nf = 1. 854 - 0.128 * (W/L) 
4.5 1 nf = 1. 735 - 0.128 * (W/L) 
9.0 1 nf = 1.595 - 0.128 * (W/L) 
The above equations are used to calculate the final 
unified nf listed in Table 22. The standard deviation for 
the final unified free-flow analysis is listed in Column 
(10). The mean standard deviation using the unified values 
of nt from Column (8) in Table 22 is 0.0214. 
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TABLE 22. A Summary of the Unified Free-Flow Analysis. 
Initial 
WxL W/L Best-fit Unified 
nf nf 
( 1) ( 2) ( 3) ( 4) 
2"xl.5' 0.111 1. 996 1. 965 
4"x3.0' 0.111 1.882 1.860 
6"x4.5' 0.111 1. 690 1. 701 
l.025'x9.0' 0.114 1.579 1.580 
4"xl.5' 0.222 2.095 1. 951 
8"x3.0' 0.222 1.744 1. 846 
12"x4.5' 0.222 1.700 1. 687 
l.99l'x9.0' 0.221 1.567 1.567 
24"x9.0' 0.222 1. 575 1.567 
6"xl.5' 0.333 1. 859 1. 936 
18"x4.5' 0.333 1. 567 1.672 
3.008x9.0' 0.334 1.554 1.552 
8 11xl. 5' 0.444 1.928 1. 922 
16"x3.0' 0.444 1. 873 1. 817 
24"x4.5' 0.444 1. 656 1.658 
48"x9.0' 0.444 1. 520 1. 538 
Final 
Best-fit Unified Best-fit Unified Best-fit Unified 
cf cf nf nf s s 
( 5) (6) ( 7) ( 8) (9) (10) 
0.989 0.966 1. 996 1.982 0.011 0.011 
1.450 1.437 1. 882 1.840 0.020 0.021 
1.870 1. 882 1.690 1. 721 0.013 0.015 
3.402 3.426 1.579 1. 581 0.031 0.031 
2.055 1. 965 2.095 1.968 0.011 0.041 
2.771 2.924 1. 744 1. 826 0.015 0.029 
3.730 3.830 1.700 1. 707 0.012 0.013 
6.773 6.765 1. 567 1.567 0.004 0.004 
7.164 6.797 1.575 1. 567 0.010 0.010 
2.786 2.978 1. 859 1.954 0.023 0.033 
5.706 5.804 1. 567 1. 692 0.014 0.050 
10.329 10.327 1.554 1.553 0.010 0.010 
4.035 3.999 1. 928 1.939 0.050 0.050 
6.036 5.949 1. 873 1. 797 0.006 0.012 
7.792 7.794 1. 656 1.678 0.002 0.004 
15.240 13.831 1. 520 1. 539 0.007 0.009 
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Notes (Table 22): 
Column (9) is the average standard deviation for the 
best-fit free-flow discharge parameters. 
Column (10) is the average standard deviation for the 
unified free-flow discharge parameters. 
For the 1.025' x 9.0' cutthroat flume, the combined data 
using two primary flow measuring devices were analyzed: (a) 
the rectangular weir with all outliers removed; and (b) all 
of the laboratory data where the discharge rate was measured 
using a V-notch weir. 
For the 12" x 4.5' Cutthroat flume, the free-flow data 
from Bennett, Henry, and Bennett and Henry combined were 
analyzed, with the reported results in this table being for 
the combined data of Bennett (1972) and Henry (1990). 
Accuracy Analysis 
Accuracy analysis will be performed by calculating 
discharge errors. For each flume size, the final unified 
values of nf can be calculated using the relations listed in 
Table 22. The above calculated values of Cf and nf are used 
to calculate the free-flow discharge for each flume size. 
Thus, the estimated free-flow discharge, Qf, for each value 
of (ha)u can be calculated, using the free-flow data collected 
in the laboratory for each flume (Appendix A). A comparison 
can be made between the predicted ( calculated) free-flow 
discharge and the actual measured discharge. 
The absolute error is defined by 
( 5. 31) 
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whereas the relative error is defined by 
ErrAb s olu te (5 32) 
Err Relativ e = ( ) • 
Qf meas 
The standard deviation of the relative error, s, is defined 
according to Hann (1977) as 
s= 
n 




The results of the standard deviation, s, are summarized 
in Table 22, and the individual computations for each data 
set for each flume size are listed in Appendix B, which are 
the finalized computation sets after a series of trial-and-
error solutions that resulted in the final unified values of 
cf and nf. Also, the unified free-flow analysis is summarized 
in Table 22. 
A review of the last two columns in Table 22, which are 
the average standard deviations, one column for the best-fit 
free-flow parameters and the last column for the final 
unified free-flow parameters, discloses a very small change 
in the standard deviation for most flume sizes. This 
indicates that the final unified free-flow parameters are a 
very good estimate of the results obtained in the laboratory. 
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The exceptions are the following Cutthroat flume sizes: (1) 
4 11 x 1.5 1 (W/L = 2/9); (2) 8 11 x 3.0 1 (W/L = 2/9); (3) 18 11 X 
4. 5' (W/L = 3/9) ; ( 4) 8 x 1. 5' (W/L = 4/9) • These flume 
sizes caused considerable difficulty in arriving at unified 
values of the free-flow discharge parameters; yet, the 
standard deviation for the best-fit free-flow parameters is 
2.0 percent, or less. The greatest value of the best-fit 
standard deviation was 5.0 percent for the 8" x 1.5' 
Cutthroat flume. The 1.025' x 9.0' Cutthroat flume had a 
best-fit standard deviation of 3.1 percent, while the other 
14 sizes of cutthroat flumes had a best-fit standard 
deviation of 2.3 percent or less. 
In contrast, the unified standard deviations are not as 
good as the best-fit standard deviations, which is to be 
expected. For example, five of the flumes in Table 22 had an 
average unified standard deviation between 3.1 to 5.0 
percent. Eleven of the Cutthroat flume sizes had a unified 
standard deviation of 0.7 percent, or less. 
Unified Submerged-
Flow Analysis 
After completion of the unified free-flow analysis, the 




, and St) can be 
finalized based on the unified values of the free-flow 
exponent, nf, from the free-flow analysis. The unified 
values of nf are used to perform the submerged-flow analysis. 
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The revised best-fit submerged-flow discharge parameters (Cs 
and n) are obtained by using the same method of submerged-
flow regression as presented in Chapter IV. Also, unified 
values of the submerged-flow exponent, ns, are calculated by 
fixing the value of the submerged-flow coefficient, Cs, using 
a statistical analysis similar to the unified free-flow 
analysis. Of all the five discharge parameters, the 
transition submergence, St, is the most sensitive, with the 
ratio of Cf/ Cs largely controlling the value of St. 
Therefore, the analyses in Table 13 are used to guide the 
selection of Cf/Cs, which in turn guides the value of Cs using 
the unified value of cf. Thus, submerged-flow discharge 
parameters can be obtained for each flume size using 
available laboratory data by the procedures described below. 
First, the submerged-flow discharge parameters of Cs and 
ns are obtained by linear regression using the unified values 
of nf from the unified free-flow discharge relations (Table 
22). The submerged-flow discharge, Qs , is plotted versus the 
difference between the upstream and downstream piezometric 
heads, hu - hd, as shown in Fig. 53. 
Second, for each submerged-flow data point, Q6h=1 is 
calculated using the unified value of nf from the unified 
free-flow discharge relations in Table 22. Q6h=1 from the 






are calculated by linear regression (the line 
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is calculated by taking th e ratio of Ct/Cu from 
column (26) in Table 13. The final values of Ct from the 
unified free-flow discharge relation s ( 'I'able 2 2) and the 
ratio of C/C
0 
from column ( 26) in 'I'able 13 are used to 






( 5. 34) 
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For each flume size, C is calculated and then listed in s 
Table 23. 
TABLE 23. Calculation of the Initial Unified Values of the 
Submerged-Flow Coefficient, Cs, and Submerged-Flow 
Exponent, 
WxL W/L 
( 1) ( 2) 
2"xl.5' 0.111 




















( 3 ) 
1.5' 
3 • 0 I 
4.5' 
9 • 0 I 
1.5' 
3 • 0 I 
4 • 5 I 
9.0' 
9 • 0 I 
1.5' 
4. 5' 
9 • 0 I 
1.5' 
3 o O I 
4. 5' 
9 • 0 I 
Best Uni- Best Uni-
fit fied fit fied 
C C n n s s 
(i4) 
s 
(12) (13) (15) 
0.620 0.635 1.500 1.466 
0.740 0.850 1.520 1. 403 
1. 110 1.167 1. 370 1. 332 
1.950 2.504 1.320 1. 232 
1.080 1.070 1. 700 1.578 
1. 340 1.452 1.510 1.600 
1. 850 1. 848 1.470 1. 444 
2.770 3.799 1.450 1.352 
3.320 3.816 1. 410 1.350 
1.180 1.385 1.650 1.673 
2.650 2.391 1.400 1. 517 
4.520 4.833 1. 420 1. 404 
1. 620 1. 683 1. 750 1.728 
2.240 2.170 1. 690 1.640 
3.310 2.803 1.500 1. 547 
7.230 5.638 1. 380 1. 438 
The submerged-flow exponent, n, can be calculated once 
s 
the submerged-flow coefficient, C, is determined. The Least 
s 
Square Method is used to solve for ns when Cs is fixed. This 
statistical method is described below. 
The submerged-flow equation can be written in the 
following linear form as mentioned in Chapter IV: 
(5.35) 
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The derivation for the calculation of the submerged-flow 
exponent, n , when C is fixed, is similar to the statistical 
S B 
analysis for the unified free-flow analysis mentioned 
previously. Thus, Eq. 5.24 can also be used in the 
statistical analysis for the unified submerged-flow analysis, 
where a similar expression is obtained for the submerged-flow 
exponent, n : 
B 
(5.36) 
where X = log(-log(s)), Y = log ( QAh=l) , a = -n , and b B = log 
C • 
B 
The initial unified values of CB and the original 
laboratory submerged-flow data are used to solve for the 
unified values of n using Eq. 5.36. 
B 
Based on the above calculations, the data are plotted 
with the initial unified values (by the line of best-fit) of 
CB and nB (ordinate) and the adjusted unified values (by Eq. 
5.36) of C and n (ordinate) versus the ratio of flume width 
B B 
over flume length, W/L, (abscissa). Then, the final unified 
submerged - flow coefficient, CB, and exponent, nB, are 
superimposed upon Figs. 55 and 56, respectively. 
These unified values of C and n are determined from 
s s 
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FIGURE 55 . The Best-Fit and Unified Submerged-Flow 
Coefficients, C, Versus the Ratio of Flume 
B 
Width Over Flume Length, W/L. 
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FIGURE 56. The Best-Fit and Unified Submerged-Flow 
Exponents, n, Versus the Ratio of Flume Width 
B 




Using the results in Table 23 as a beginning, a very 
time-consuming effort was undertaken to develop final unified 
To begin with, the transition 
submergence, St, is the most sensitive of any of the five 
free-flow and submerged-flow parameters. Thus, the major 
effort was to finalize the unified value s of St as shown in 
Fig. 57, which required numerous sets o f trial-and-error 
computations to derive. 
Next, by using the results shown i n Figs. 55 and 56, 
numerous sets of trial-and - error comput a tions were made to 
derive f i nal unified values of t he submerged-flow 
coefficient, C
5
, and the submerged-flow e xponent, n
5
• The 
results ar e listed in Table 24. 
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FIGURE 57. The Final Unified Transition Submergence, 
st, Relationship. 
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TABLE 24. A Summary of the Unified Submerged-Flow Analysis. 
Unified 
WxL W/L L w ( ft) st 
( 1) ( 2) ( 3) ( 4) (5) 
2"xl.5' 0.111 1. 5 I 0.167 0.570 
4"x3.0' 0.111 3.0 1 0.333 0.643 
6"x4.5' 0.111 4.5 1 0.500 0.685 
1.025'x9.0' 0.114 9.0' 1.025 0.830 
4"xl.5' 0.222 1.5' 0.333 0.620 
8"x3.0' 0.222 3.0' 0.667 0.698 
12"x4.5' 0.222 4.5 1 1. 000 0.750 
1.991'x9.0' 0.221 9.0 1 1. 991 0.875 
24"x9.0' 0.222 9.0' 2.000 0.875 
6"xl.5 1 0.333 1.5' 0.500 0.635 
18"x4.5' 0.333 4.5' 1.500 0.778 
3.008x9.0' 0.334 9.0' 3.008 0.890 
8"xl.5' 0.444 1. 5 I 0.667 0.640 
16"x3.0' 0.444 3 • 0 I 1.333 0.738 
24"x4.5' 0.444 4 • 5 I 2.000 0.785 
48"x9.0' 0.444 9.0 1 4.000 0.895 
Best-fit Unified Best-fit Unified Best-fit Unified 
c s c s ns ns s s 
(5) ( 6) ( 7) ( 8) ( 9) (10) 
0.617 0.662 1.500 1. 454 0.013 0.020 
0.740 0.932 1.520 1. 410 0.020 0.049 
1. 110 1.238 1. 370 1. 340 0.065 0.073 
1. 950 2.548 1. 320 1. 232 0.037 0.061 
1. 083 1.113 1. 700 1. 573 0.047 0.030 
1.340 1.562 1. 510 1. 515 0.066 0.094 
1. 850 2.042 1. 470 1. 444 0.038 0.045 
2.770 3.821 1. 450 1.345 0.025 0.125 
3.320 3.821 1. 410 1. 345 0.055 0.125 
1.180 1.430 1.650 1. 665 0.053 0.090 
2.650 2.619 1. 400 1. 508 0.048 0.089 
4.520 4.824 1.420 1.404 0.012 0.018 
1.620 1. 716 1.750 1. 723 0.093 0.096 
2.240 2.359 1. 690 1. 645 0.034 0.034 
3.310 3.123 1. 500 1. 547 0.013 0.025 
7.230 5.630 1. 380 1. 440 0.043 0.058 
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Accuracy Analysis 
The procedures for calculating the absolute error, 
relative error, and standard deviation are similar to those 
for the unified free-flow analysis. 
The submerged flow, Q
5
, is calculated by 
(5.37) 
Then, the final unified value of nf from Table 22 and the 




from Table 23 are used to 
calculate the predicted submerged flow, Q
5
, in Eq. 5.37. 
The results of the average standard deviation, s, for 
the final unified submerged-flow equations are listed in 
Table 24. The individual computations for each data set for 
each flume size are listed in Appendix B. Also, the unified 
submerged-flow analysis is summarized in Table 24. 
First of all, the standard deviation using the best-fit 
submerged-flow parameters was 9.3 percent for the 8" x 1.5' 
flume size, a nd five flumes had a standard deviation of less 
than 3 perc e nt, with the mean standard deviation for all 
flume sizes being 4.5 percent or less. 
Secondly, for the unified submerged-flow parameters, the 
average standard deviation changed only slightly except for 
the following flumes: (1) 4" x 3.0' (W/L = 1/9); (2) 1.025 x 
9.0 1 (W/L = 4/9); (3) 4 11 x 1.5 1 ( W/L = 2/9); (4) 8 11 X 3.0 1 
(W/L = 2/9); (5) 1.991 1 x 9 1 (W/L = 2/9); (6) 24 11 X 9.0' (W/L 
= 2/9); (7) 6 11 x 1.5 1 (W/L = 3/9); and (8) 18 11 x 4.5' (W/L = 
3 I 9) • 
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Note that these flume sizes are entirely different 
from the other flume sizes that showed significant changes in 
the standard deviation between the best-fit and unified free-
flow parameters for the free-flow analysis. 
Finally, the mean standard deviation for all flume sizes 
was 6.5 percent using the unified submerged-flow parameters. 
For the unified free-flow parameters, the mean standard 
deviation was 2.1 percent. As expected, discharge 
measurements under free-flow conditions are significantly 




SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
The final chapter of this thesis consists of a summary, 
conclusions, and recommendations. The summary will emphasize 
both the best-fit free-flow and submerged-flow analysis and 
the unified free-flow and submerged-flow analysis that have 
been completed in this study. Then, the conclusions will 
note that the objectives of this study, as set forth in 
Chapter I, have been met. Finally, recommendations will be 
presented for future work on Cutthroat flumes. 
Summary 
The purpose of this study has been to improve the 
calibrations for Cutthroat flumes and to develop a more 
unified set of relations between flow rate and piezometric 
heads for different sizes of cutthroat flumes commonly used 
both in the free-flow and submerged-flow regimes. Both free-
flow analysis and submerged-flow analysis were performed for 
the 16 sets of available laboratory experimental data for 
Cutthroat flumes. Accuracy analysis was also performed for 
the 16 sizes of Cutthro a t flumes. 
Determination of Best-Fit 
Discharge Parameters 
Linear regressions were performed to the logarithmically 
tr ansf ormed original data after outliers had been eliminated. 
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Based on critical flow occurring in the vicinity of the 
flume throat, the equation used to determine the initial 
free-flow parameters takes the form 
n1 
Qf=Cfhu (6.1) 
where Qf = the free-flow discharge, 
hu = the upstream piezometric head, 
ct = the free-flow discharge coefficient, and 
nf = the free-flow discharge exponent. 
Based on subcritical constriction calibration theory, 
the equation used to determine the best-fit submerged-flow 
parameters for subcritical flow in a constriction is 
Cs (hu-hd) nt 
Os=--=------"--'--
( -1 og ( S) ) n s 
where Q
5 
= the submerged-flow discharge; 
hd the downstream piezometric head; 
C
5 
= the submerged-flow discharge coefficient; 
n
5 
= the submerged-flow discharge exponent; and 
(6.2) 
S the submergence which is defined by the downstream 
piezometric head divided by the upstream 
piezometric head, and is expressed by 
( 6. 3) 
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The best-fit discharge parameters are defined as the 
discharge parameters of Cf, nf, CB, and n obtained by 
B 
performing linear regression ( the line of best-fit) . The 
best-fit transition submergence, st, is determined by setting 
the free-flow equation equal to the submerged-flow equation: 
( 6. 4) 
Then, 
Cf_ (l-St)nt 
Cs (-log(St) )ns 
( 6 . 5 ) 
The resulting equation (Eq. 6.5), using the best-fit 
discharge parameters (Cf, nt, CB, and nB), can be solved for 
st by the Newton-Raphson iterative method for each size of 
cutthroat flume. 
Determination of Unified 
Discharge Parameters 
The unified data analysis requires slight adjustments to 
the best-fit discharge parameters (Cf, nf, CB, nB and St) in 
order to smooth and improve the reasonable relationships 
between discharge parameters, various flume lengths (L), and 
the ratios of width over length (W/L). 
The transition submergence is the most sensitive of the 
five discharge parameters. From Eg. 6.5, it can be seen that 
there is a strong relationship between St and the ratio of 
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Cf/Cs. Many trials were conducted on modifying Cf/Cs and the 
effect upon St. This resulted in a selection of initial 
unified values for Cf and C
8 
for each flume size that also 
plotted as smooth continuous functions against W/L. 
Free-flow data plots showed that the relationship 
between the free-flow coefficient, Cf, and the flume width, 
W, is not exactly linear. The free-flow coefficient, Cf, is 
a function of flume length and throat width, W, as follows 
(Walker and Skogerboe, 1987): 
( 6 • 6 ) 
where 
( 6. 7) 
For each flume size, Cr , can be calculated once Kf is known. 
Fortunately, determining Kf was time consuming but not too 
difficult. 
Statistical analysis, specifically speaking, the Least 
Square Method, is used to solve for nf when Cf is fixed: 
LX -*Y --logCt*" x . n = i i L..J i 
f " 2 L..J xi 
( 6. 8) 
where X = log hu, and Y = log Cf. The results are listed in 
Table 21. 
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In the wake of the generalized unified data analysis of 
the free-flow discharge parameters, the submerged-flow 
analysis is performed by using nf from the unified free-flow 
analysis (Eq. 6.2). Then, the initial unified values of the 
submerged-flow discharge parameters can be obtained. First 
of all, by knowing the unified value of Cf, and having 
established the relationships between Cf/ cs and St, a value of 
Cs can be calculated for each ratio of Cf/ Cs under 
investigation for each flume size. 
Similarly, the Least Square Method is used to solve for 
ns when Cs is fixed: 
loge*~ x.-~ X-*Y-n = sL1.L1. i 
s ~ 2 
LXi 
where X = log (-log ( S) ) , and Y = log (Qah=l) • 
( 6. 9) 
Similar to the unified free-flow analysi s , the unified 
submerged-flow discharge parameters can also be generalized 
based on the initial unified discharge parameters, making 
trial-and-error adjustments to these unified values and then 
establishing the final unified discharge parameters for 
submerged flow based on the accuracy analysis. 
results are listed in Table 23. 
Accuracy Analysis 
The final 
Accuracy analysis is performed by comparisons between 
the measured discharges and the predicted discharges using: 
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( 1) the best-fit discharge parameters; and ( 2) the final 
unified discharge parameters. Comparisons between the 
measured discharges and predicted discharges are ma de by 
calculating absolute errors, relative errors, and s tandard 
deviations for each flume size using the available laboratory 
data. 
The absolute error is defined by 
Err Absolut e = ( Q f) cal - ( Q f) meas ( 6. 10) 
where Err Absolute the absolute error betw e en predicted 
discharge and the measu re d disch a rge, 
(Qf) ca l = the predicted discharge, a nd 
(Qf) meas = the measured disch a rge. 
The relative error is defined by 
- E r r Absolute 
E rr Rel ative - ( Q ) 
f meas 
and the standard deviation, s, is define d by 
s = 
n 
L [ [ (Qf) cal- (Qf) meas]/ (Qf) meas] 2 
1 
n-1 
These results are also listed in Tables 2 2 and 24. 
( 6 .11) 
( 6. 12) 
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Conclusions 
This thesis accomplished its purposes, as set forth in 
Chapter I, by: 








discharge parameters by 
performing free-flow analysis and submerged-flow 
analysis. 
3. Developing unified free-flow and submerged-flow 
discharge parameters. 
4. Comparing the measured laboratory discharges with 
the predicted discharges for both free-flow and 
submerged-flow using both best-fit and unified 
discharge parameters. 
Unified free-flow and submerged-flow discharge 
parameters were obtained for each flume size in order to 
generalize the calibrations for Cutthroat flumes and to 
develop a unified set of relations between flow rates and 
piezometric heads. The results proved quite good as measured 
by the standard deviation for each flume size. 
In most cases, the average standard deviation using the 
unified discharge parameters was only slightly greater than 
when using the best-fit discharge parameters. However, there 
is a significant difference in the accuracy of free-flow 
measurements compared with submerged-flow measurements. 
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Using the unified discharge parameters, the mean standard 
deviation for all of the flumes was 2.3 percent for free flow 
and 5.7 percent for submerged flow. 
Recommendations 
Recommendations are presented for future work to further 
improve the hydraulic calibration of cutthroat flumes as 
follows: 
1. For the convenience of field users, an updated 
manual should be prepared that provides the 
unified free-flow and submerg e d-flow calibrations 
for different convenient s izes of Cutthroat 
flumes. 
2. More experimental laboratory data for more sizes 
of Cutthroat flumes are needed to further 
generaliz e a more unified set of relations between 
flow rate s and piezometric heads for both free 
flow a nd s ubmerged flow. 
3. A theoretical numerical model should be developed 
to, first of all, predict the free-flow discharge 
rating for any size of Cutthroat flume; then such 
a model should be expanded to also predict the 
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APPENDICES 




TABLE A.1. Some Laboratory Data for the 2 4 II X 9.0' cutthroat 
Flume (Experiments Made by Skogerboe, Hyatt, 
Anderson, and Eggleston, 1967c, at the Utah Water 
Research Laboratory of Utah State University in 
1966). 
Q h hd h -h s u u d 
cfs ft ft ft ~ 0 
4.618 .755 .193 .562 25.6 
6.645 .958 .246 .712 25.7 
7.679 1.045 .270 .775 25.8 
12.937 1.448 .396 1.052 27.3 
17.151 1. 756 .505 1.251 28.8 
22.868 2.101 .611 1.490 29.1 
27.731 2.342 .688 1.654 29.4 
6.247 .912 .717 .195 78.6 
6.247 .916 .7 48 .168 81. 7 
6.247 .918 .826 .092 90.0 
6.247 .923 .839 .084 90.9 
6.247 .933 .8 89 .044 95.3 
8.425 1.089 .911 .178 83.7 
8.425 1.096 .954 .142 87.0 
8.425 1.120 1. 037 .083 92.6 
9.885 1. 272 1. 209 .063 95.0 
10.269 1. 272 1.090 .182 85.7 
10.269 1. 543 1. 519 .024 98.4 
11.450 1.163 1.110 .053 95.4 
11.450 1.383 1.233 .150 89.2 
11.450 1. 405 1.290 .11 5 91. 8 
19.268 1.902 1.504 . 398 79.1 
19.268 1. 921 1. 637 .284 85.2 
19.268 1. 956 1. 714 .242 87.6 
19.268 2.001 1. 821 .180 91. 0 
19.403 2.064 1.933 .131 93.7 
Note: Primary Flow Measuring Device (PFMD) was a 48 II (W 
= 4 . 0' ) Parshall flume. 
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TABLE A.2. Additional Laboratory Data for the 24 II X 9. 0' 
cutthroat Flume (Experiments Made by Skogerboe, 
Hyatt, Anderson, and Eggleston, 1967c, at the 
Utah Water Research Laboratory of Utah State 
University in 1966). 
Q h hd h -h s u u d 
cfs ft ft ft ~ 0 
19.400 2.524 2.507 .017 99.3 
19.400 2.334 2.295 .039 98.3 
19.400 2.086 1. 955 .131 93.7 
19.400 2.173 2.082 .091 95.8 
19.250 1. 978 1. 736 .242 87.8 
19.250 2.023 1. 843 .180 91.1 
19.250 1.943 1.659 .284 85.4 
19.250 1. 924 1. 526 .398 79.3 
6.248 1.028 1.006 .022 97.9 
6.248 .938 .770 .168 82.1 
6.248 .945 .861 .084 91.1 
6.248 .955 .911 .044 95.4 
6.248 1.024 .997 .027 97.4 
6.248 .934 .739 .195 79.1 
6.248 .940 .848 .092 90.2 
6.248 1.179 1.155 .024 98.0 
8.430 1.118 .976 .142 87.3 
8.430 1.142 1.059 .083 92.7 
8.430 1.111 .933 .178 84.0 
9.930 2.530 2.519 .011 99.6 
9.930 2.304 2.293 .011 99.5 
9.930 2.013 2.005 .008 99.6 
9.930 1.958 1. 94 7 .011 99.4 
9.930 1.883 1. 873 .010 99.5 
9.930 1.794 1.782 .012 99.3 
10.280 2.172 2.167 .005 99.8 
9.880 1.272 1.209 .063 95.1 
10.300 1.367 1. 322 .045 96.7 
10.300 1. 376 1. 332 .044 96.8 
10.300 1. 381 1.335 .046 96.7 
10.300 1. 272 1. 090 .182 85.7 
10.300 1.289 1.183 .106 91. 8 
10.300 1.543 1.519 .024 98.5 
11.500 1. 956 1.935 .021 98.9 
11.500 1. 405 1.290 .115 91. 8 
11.500 1.383 1.233 .150 89.2 
11.500 1. 3 63 1.110 .253 81. 4 
11.500 1.380 1.228 . 152 89.0 
11.500 1.393 1. 283 .110 92.1 
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TABLE A.3. The Laboratory Data for the 48" x 9.0' cutthroat 
Flume (Experiments Made by Skogerboe, Hyatt, 
Anderson, and Eggleston, 1967c, at the Utah Water 













































































































































TABLE A.4. The Laboratory Data for the 4" x 3.0' Cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah State 

















(TABLE A.4 . Continued) 
. 820 .781 .623 .158 79.8 
.820 . 813 .690 .123 84.9 
.820 .859 .757 .102 88.1 
.820 .886 .803 .083 90.6 
.820 .929 .872 .057 93.9 
.820 .979 .936 .043 95.6 
.820 1.034 1.001 .033 96.8 
1.040 .834 .389 .445 46.6 
1.040 .836 .463 .373 55.4 
1.040 .839 .532 .307 63.4 
1.040 .850 .593 .257 69.8 
1.040 .869 .657 .212 75.6 
1.040 .898 .717 .181 79.8 
1. 040 .928 .782 .146 84.3 
1. 040 .958 .840 .118 87.7 
1.040 .993 .900 .093 90.6 
1.040 1.039 .965 .074 92.9 
1.040 1.085 1. 026 .059 94.6 
1.040 1.137 1.090 .047 95.9 
1.380 .987 .289 .698 29.3 
1.380 .987 .296 .691 30.0 
1.380 .987 .361 .626 36.6 
1.380 .987 .441 .546 44.7 
1.380 .989 .513 .476 51. 9 
1.380 .995 .603 .392 60.6 
1.380 1. 004 .682 .322 67.9 
1. 380 1.024 .755 .269 73.7 
1.380 1.049 .826 .223 78.7 
1.380 1.079 .895 .184 82.9 
1.380 1.114 .964 .150 86.5 
1.380 1.155 1.032 .123 89.4 
1.380 1.197 1.102 .095 92.1 
1.830 1.119 .351 .768 31. 4 
1.830 1.119 .383 .736 34.2 
1.830 1.119 .449 .670 40.1 
1.830 1.119 .538 .581 48.1 
1. 830 1.122 .629 .493 56.1 
1.830 1.131 .708 .423 62.6 
1.830 1.142 .790 .352 69.2 
1.830 1.161 .859 .302 74.0 
1.830 1.195 .945 .250 79.1 
Notes: PFMD was a weighing tank. 
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TABLE A.5. The Laboratory Data for the 8" X 3. 0' Cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah State 
University in 1970). 
Q hu hd h -h s u d 
cfs ft ft ft ~ 0 
.800 .488 .282 .206 57.8 
.800 .488 .366 .122 75.0 
.800 .488 .399 .089 81. 8 
.800 .493 .427 .066 86.6 
.800 .496 .445 .051 89.7 
.800 .501 .464 .037 92.6 
.800 .508 .477 .031 93.9 
.800 .520 .492 .028 94.6 
.800 .531 .506 .025 95.3 
.800 .535 .515 .020 96.3 
.800 .546 .530 .016 97.1 
1. 390 .682 .273 .409 40.0 
1. 390 .682 .365 .317 53.5 
1. 390 .682 .408 .274 59.8 
1. 390 .683 .485 .198 71. 0 
1. 390 .688 .538 .150 78.2 
1. 390 .697 .592 .105 84.9 
1. 390 . 719 .642 .077 89.3 
1. 390 .738 .677 .061 91. 7 
1. 390 .756 .710 .046 93.9 
1. 390 .778 .741 .037 95.2 
1. 390 .812 .782 .030 96.3 
1. 390 .846 .824 .022 97.4 
1.910 .803 .319 .484 39.7 
1. 910 .803 .357 .446 44.5 
1. 910 .803 .427 .376 53.2 
1. 910 .806 .513 .293 63.6 
1. 910 .810 .600 .210 74.1 
1. 910 .825 .668 .157 81. 0 
1. 910 .843 .716 .127 84.9 
1. 910 .869 .766 .103 88.1 
1. 910 .890 .814 .076 91. 5 
1. 910 .920 .860 .060 93.5 
1. 910 .950 .903 .047 95.1 
1. 910 .984 .947 .037 96.2 
2.660 .975 .417 .558 42.8 
2.660 .975 .440 .535 45.1 
2.660 .975 .479 .496 49.1 
2. 660 .975 .562 .413 57.6 
2. 660 .980 .662 .318 67.6 
2.660 .990 .753 .237 76.1 
2.660 1.009 .828 .181 82.1 
2. 660 1.035 .894 .141 86.4 
2. 660 1.069 .957 .112 89.5 




























TABLE A.6. The Laboratory Data for the 16" x 3.0' cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah State 











































































































































































































































































































































TABLE A.7. The Laboratory Data for the 6" x 4.5' Cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah State 










































(TABLE A.7. Continued) 
.665 .619 .584 .035 94.3 
.665 .651 .621 .030 95.4 
1. 075 .727 .206 .521 28.3 
1.075 .727 .328 .399 45.1 
1. 075 .727 .442 .285 60.8 
1. 075 .728 .533 .195 73.2 
1.075 .743 .605 .138 81. 4 
1. 075 .766 .661 .105 86.3 
1.075 .795 .708 .087 89.1 
1.075 .824 .750 .074 91. 0 
1.075 .857 .795 .062 92.8 
1.075 .886 .830 .056 93.7 
1. 075 .936 .891 .045 95.2 
1. 075 .980 .939 .041 95.8 
1.075 1.024 .990 .034 96.7 
1.075 1. 070 1.038 .032 97.0 
1. 497 .881 .222 .659 25.2 
1. 497 .881 .321 .560 36.4 
1.497 .881 .394 .487 44.7 
1. 497 .881 .485 .396 55.1 
1. 497 .881 .575 .306 65.3 
1.497 .885 .636 .249 71. 9 
1.497 .899 .709 .190 78.9 
1.497 .925 .768 .157 83.0 
1. 497 .965 .831 .134 86.1 
1. 497 .991 .885 .106 89.3 
1.497 1.032 .943 .089 91.4 
1.497 1.070 1.001 .069 93.6 
1.497 1.114 1.058 .056 95.0 
1. 497 1. 167 1.120 .047 96.0 
1. 497 1. 224 1.183 .041 96.7 
1. 991 1. 030 .263 .767 25.5 
1. 991 1. 030 .324 .706 31. 5 
1. 991 1.030 .435 .595 42.2 
1.991 1. 030 .527 .503 51. 2 
1.991 1.033 .623 .410 60.3 
1.991 1.038 .709 .329 68.3 
1.991 1.061 .776 .285 73.1 
1. 991 1.070 .837 .233 78.2 
1.991 1.101 .897 .204 81. 5 
1.991 1.146 .966 .180 84.3 
1.991 1.169 1.029 .140 88.0 
1.991 1. 205 1.087 .118 90.2 
1. 991 1. 253 1.146 .107 91. 5 
1.991 1. 293 1. 204 .089 93.1 
1.991 1. 339 1. 260 .079 94.1 
1. 991 1.389 1.324 .065 95.3 
1.991 1. 454 1.394 .060 95.9 
Notes: PFMD was a weighing tank. 
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TABLE A.8. The Laboratory Data for the 12 II X 4. 5' Cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah State 
University in 1970). 
Q hu hd h -h s u d 
cfs ft ft ft ~ 0 
1.919 .677 .251 .426 37.1 
1.919 .677 .259 .418 38.3 
1.919 .677 .276 .401 40.8 
1.919 .678 .311 .367 45.9 
1.919 .680 .373 .307 54.9 
1.919 .681 .426 .255 62.6 
1.919 .682 .483 .199 70.8 
1.919 .683 .532 .151 77.9 
1. 919 .684 .574 .110 83.9 
1. 919 .687 .610 .077 88.8 
1. 919 .693 .636 .057 91. 8 
1.919 .706 .660 .046 93.5 
1. 919 .721 .681 .040 94.5 
1.919 .743 .714 .029 96.1 
2.739 .831 .320 .511 38.5 
2.739 .831 .322 .509 38.7 
2.739 .831 .323 .508 38.9 
2.739 .831 .333 .498 40.1 
2.739 .835 .374 .461 44.8 
2.739 .836 .448 .388 53.6 
2.739 .837 .509 .328 60.8 
2.739 .838 .575 .263 68.6 
2.739 .839 .621 .218 74.0 
2.739 .840 .677 .163 80.6 
2.739 .846 .725 .121 85.7 
2.739 .859 .771 .088 89.8 
2.739 .881 .811 .070 92.1 
2.739 .903 .850 .053 94.1 
2.739 .938 .894 .044 95.3 
3.909 1.039 .410 .629 39.5 
3.909 1.039 .413 .626 39.7 
3.909 1.039 .415 .624 39.9 
3.909 1.041 .424 .617 40.7 
3.909 1. 042 .442 .600 42.4 
3.909 1.041 .488 .553 46.9 
3.909 1.046 .600 .446 57.4 
3.909 1.047 .687 .360 65.6 
3.909 1.048 .754 .294 71. 9 
3.909 1. 049 .813 .236 77.5 
3.909 1.057 .859 .198 81. 3 
3.909 1.067 .908 .159 85.1 
3.909 1.085 .960 .125 88.5 
3.909 1.111 1.014 .097 91. 3 
3.909 1.143 1.063 .080 93.0 
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(TABLE A.8. Continued) 
3.909 1.176 1.113 .063 94.6 
3.909 1. 211 1.156 .055 95.5 
5.723 1.279 .523 .756 40.9 
5.723 1. 279 .529 .750 41. 4 
5.723 1. 279 .540 .739 42.2 
5.723 1.279 .548 .731 42.8 
5.723 1. 279 .575 .704 45.0 
5.723 1. 279 .611 .668 47.8 
5.723 1. 283 .679 .604 52.9 
5.723 1. 290 .779 .511 60.4 
Note: PFMD was a weighing tank. 
TABLE A.9. The Laboratory Data for the 24 II X 4.5' Cutthroat 
Flume (Experiments Made by Bennett (1972) at the 
Fluid Mechanics Laboratory of Utah state 
University in 1970). 
Q hu hd h -h s u d 
cfs ft ft ft ~ 0 
3.820 .650 .315 .335 48.5 
3.820 .650 .348 .302 53.5 
3.820 .665 .463 .202 69.6 
3.820 .666 .506 .160 76.0 
3.820 .668 .5 36 .132 80.2 
3.820 .667 .551 .116 82.6 
3.820 .669 .565 .104 84.5 
3.820 .670 .590 .080 88.l 
3.820 .675 .612 .063 90.7 
3.820 .672 .610 .062 90.8 
3.820 .679 .628 .051 92.5 
3.820 .688 .645 .043 93.7 
3.820 .701 .663 .038 94.6 
3.820 .721 .685 .036 95.0 
4.827 .749 .368 .381 49.1 
4.827 .749 .382 .367 51. 0 
4.827 .759 .422 .337 55.6 
4.827 .764 .515 .249 67.4 
4.827 .769 .567 .202 73.7 
4.827 .772 .608 .164 78.8 
4.827 .772 .651 .121 84.3 
4.827 .774 .680 .094 87.9 
4.827 .776 .687 .089 88.5 
4.827 .781 .709 .072 90.8 
4.827 .783 .720 .063 92.0 
4.827 .798 .748 .050 93.7 
4.827 .815 .770 .045 94.5 
4.827 .833 .795 .038 95.4 
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(TABLE A.9. Continued) 
5.892 .846 .409 .437 48.3 
5.892 .846 .417 .429 49.3 
5.892 .855 .441 .414 51. 6 
5.892 .864 .491 .373 56.8 
5.892 .865 .595 .270 68.8 
5.892 .866 .664 .202 76.7 
5.892 .868 .710 .158 81. 8 
5.892 .872 .750 .122 86.0 
5.892 .875 .755 .120 86.3 
5.892 .876 .785 .091 89.6 
5.892 .882 .810 .072 91. 8 
5.892 .898 .838 .060 93.3 
5.892 .911 .863 .048 94.7 
5.892 .933 .888 .045 95.2 
6.849 .924 .441 .483 47.7 
6.849 .924 .446 .478 48.3 
6.849 .924 .456 .468 49.4 
6.849 .928 .485 .443 52.3 
6.849 .938 .523 .415 55.8 
6.849 .944 .618 .326 65.5 
6.849 .947 .691 .256 73.0 
6.849 .948 .732 .216 77.2 
6.849 .952 .786 .166 82.6 
6.849 .956 .823 .133 86.1 
6.849 .960 .858 .102 89.4 
6.849 .970 . 895 .075 92.3 
6.849 .984 .926 . 058 94.1 
6.849 1. 000 .947 .053 94.7 
Notes: PFMD was a weighing tank. 
TABLE A.10. The Laboratory Data for the 2 II X 1.5' Cutthroat 
Flume (Experiments Made by Fiuzat at the 
Engineering Research Center of Colorado State 
University in 1977). 
Q h hd h -h s u u d 
cfs ft ft ft % 
.587 .767 .251 .516 32.7 
.587 .780 .503 .277 64.5 
.587 .798 .570 .228 71. 4 
.425 .660 .200 .460 30.3 
.425 .671 .431 .240 64.2 
.425 .709 .552 .157 77.9 
.425 .750 .640 .110 85.3 
.328 .573 .161 .412 28.1 
.328 .580 .351 .229 60.5 
.328 .608 .459 .149 75.5 
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.328 .641 .537 .104 83.8 
.254 .508 .138 .370 27.2 
.254 .515 .320 .195 62.1 
.254 .533 .393 .140 73.7 
.254 .542 .428 .114 79.0 
Notes: PFMD was a 6 II X 4 . 5 ' Cutthroat flume. 
TABLE A.11. The Laboratory Data for the 4 II X 1.5' Cutthroat 
Flume (Experiments Made by Fiuzat at the 
Engineering Research Center of Colorado State 
University in 1977). 
Q hu hd h -h s u d 
cfs ft ft ft 9:-0 
1.139 .751 .317 .434 42.2 
1.139 .762 .399 .363 52.4 
1.139 .770 .510 .260 66.2 
1.139 .790 .648 .142 82.0 
.977 .708 .285 .423 40.3 
.977 .710 .462 .248 65.1 
.977 .762 .655 .107 86.0 
.685 .610 .209 .401 34.3 
.523 .536 .172 .364 32.1 
.505 .510 .162 .348 31. 8 
.505 .508 .257 .251 50.6 
.505 .590 .550 .040 93.2 
.411 .470 .152 .318 32.3 
.285 .390 .125 .265 32.1 
.172 .295 .096 .199 32.5 
.020 .083 .040 .043 48.2 
Note: PFMD was a 6 II X 4.5' Cutthroat flume. 
TABLE A.12. The Laboratory Data for the 6 11 x 1.5' Cutthroat 
Flume (Experiments Made by Fiuzat at the 
Engineering Research Center of Colorado State 
University in 1977). 
Q hu hd h -h s u d 
cfs ft ft ft 9:-0 
1.187 .624 .258 .366 41. 3 
1.187 .630 .378 .252 60.0 
1.187 .643 .501 .142 77.9 
1.187 .640 .549 .091 85.8 
.778 .511 .207 .304 40.5 
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(TABLE A.12. Continued) 
.778 .517 .373 .144 72.1 
.778 .542 .494 .048 91. l 
.778 .588 .579 .009 98.5 
.607 .444 .179 .265 40.3 
.607 .449 .290 .159 64.6 
.607 .464 .418 .046 90.1 
.425 .365 .149 .216 40.8 
.425 .370 .222 .148 60.0 
.425 .386 .360 .026 93.3 
Note: PFMD was a 6 II X 4.5' Cutthroat flume. 
TABLE A.13. The Laboratory Data for the 8" x 1.5' cutthroat 
Flume (Experiments Made by Fiuzat at the 
Engineering Research Center of Colorado State 





























































































Note: PFMD was a 6" x 4.5' Cutthroat flume operating 
under free flow condition. 
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TABLE A.14. The Free-Flow Laboratory Data for the 1.025' x 
9.0' Cutthroat Flume (Experiments Made by Huson 
and Gardell at the Engineering Research Center of 








































































































Table A.15. The Submerged-Flow Laboratory Data for the 1.025' 
x 9.0' Cutthroat Flume (Experiments Ma de by Huson 
and Gardell at the Engineering Research Center of 










































































(TABLE A. 15. Continued) 
7.403 1. 631 1. 237 .394 75.8 
7.403 1. 682 1. 399 .283 83.2 
7.403 1.759 1. 546 .213 87.9 
7.403 1. 731 1. 493 .238 86.3 
7.403 1.876 1.728 .148 92.1 
Note: PFMD was a rectangular thin-plate weir. 
TABLE A.16. Additional Free-Flow Laboratory Data for the 
1.025' x 9.0' cutthroat Flume (Experiments Made 
by Huson and Gardell at the Engineering Research 





























































































































TABLE A.17. The Free-Flow Laboratory Data for the 1.991' x 
9.0' Cutthroat Flume (Experiments Made by Huson 
and Gardell at the Engineering Research Center of 









































































Note: PFMD was a Rectangular Weir. 
TABLE A.18. The Submerged-Flow Laboratory Data for the 1.991' 
x 9.0' Cutthroat Flume (Experiments Made by Huson 
and Gardell at the Engineering Research Center of 
Colorado State University in 1980). 
Q h hd h -h s u u d 
cfs ft ft ft ~ 0 
19.400 2.524 2.507 .017 99.3 
19.400 2.334 2.295 .039 98.3 
19.400 2.086 1. 955 .131 93.7 
19.400 2.173 2.082 .091 95.8 
19.250 1. 978 1. 736 .242 87.8 
19.250 2.023 1. 843 .180 91.1 
19.250 1. 943 1. 659 .284 85.4 
19.250 1. 924 1. 526 .398 79.3 
6.248 1.028 1.006 .022 97.9 
6.248 .938 .770 .168 82.1 
6.248 .945 .861 .084 91.1 
6.248 .955 .911 .044 95.4 
6.248 1. 024 .997 .027 97.4 
6.248 .934 .739 .195 79.1 
6.248 .940 .848 .092 90.2 
6.248 1.179 1.155 .024 98.0 
8.430 1.118 .976 .142 87.3 













TABLE A.19. The Free-Flow Laboratory Data for the 3.008' x 
9.0' Cutthroat Flume (Experiments Made by Huson 
and Gardell at the Engineering Research Center of 



















































































Note: PFMD was a rectangular weir. 
TABLE A. 20. The Submerged-Flow Laboratory Data for the 3.008' 
x 9.0' Cutthroat Flume (Experiments Made by Huson 
and Gardell at the Engineering Research Center of 
Colorado State University in 1980). 
Q hu hd h -h s u d 
cfs ft ft ft ~ 0 
14.800 1. 284 1.194 .090 93.0 
14.800 1. 275 1.129 .146 88.5 
15.002 1. 337 1. 290 .047 96.5 
10.100 .979 .847 .132 86.5 
10.100 .980 .888 .092 90.6 
10.100 1. 089 1.068 .021 98.1 
20.120 1. 617 1. 560 .057 96.5 
20.120 1. 548 1.388 .160 89.7 
20.120 1. 546 1. 375 .171 88.9 























TABLE A.21. The Laboratory Data for the 6" x 4.5' Cutthroat 
Flume (Experiments Made by Henry (1990) at the 






















































































































































































































































TABLE A.22. The Laboratory Data for the 12" x 4.5' cutthroat 
Flume (Experiments Made by Henry (1990) at the 























































































(TABLE A.22. Continued) 
5.600 1.334 1. 085 .249 81. 3 
5.580 1. 337 1.103 .234 82.5 
5.540 1.357 1.148 .209 84.6 
5.470 1. 373 1.196 .177 87.1 
5.390 1.391 1. 241 .150 89.2 
5.270 1.421 1. 303 .118 91. 7 
5.190 1. 439 1.341 .098 93.2 
5.070 1. 479 1. 406 .073 95.1 
4.970 1. 519 1. 465 .054 96.4 
4.870 1. 557 1. 521 .036 97.7 
4.050 1.075 .695 .380 64.7 
4.050 1.078 .729 .349 67.6 
4.050 1.079 .755 .324 70.0 
4.050 1.080 .785 .295 72.7 
4.050 1.082 .811 .271 75.0 
4.050 1.084 .837 .247 77.2 
4.050 1.088 .859 .229 79.0 
4.040 1.097 .896 .201 81. 7 
4.020 1.106 .932 .174 84.3 
3.980 1.130 .982 .148 86.9 
3.940 1.155 1.027 .128 88.9 
3.880 1.179 1.077 .102 91. 3 
3.820 1.208 1.124 .084 93.0 
3.730 1. 251 1.190 .061 95.1 
3.650 1. 295 1. 253 .042 96.8 
2.420 .780 .508 .272 65.1 
2.430 .781 .561 .220 71. 8 
2.420 .782 .603 .179 77.1 
2.430 .785 .636 .149 81. 0 
2.430 .790 .673 .117 85.2 
2.420 .798 .701 .097 87.8 
2.410 .811 .727 .084 89.6 
2.390 .827 .748 .079 90.4 
2.360 .860 .803 .057 93.4 
2.340 .893 .850 .043 95.2 
2.290 .941 .908 .033 96.5 
2.220 1.014 .988 .026 97.4 
6.160 1. 344 1.344 
5.640 1. 301 1.301 
5.400 1. 274 1. 274 
4.870 1. 200 1. 200 
4.410 1.129 1.129 
4.020 1.067 1.067 
3.490 .973 .973 
3.050 .892 .892 
2.500 .788 .788 
2.030 .694 .694 
1.560 .586 .586 
.930 .419 .419 
.520 .285 .285 
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(TABLE A.22. Continued) 
5.670 1. 310 .867 .443 66.2 
5.670 1.309 .894 .415 68.3 
5.670 1.311 .916 .395 69.9 
5.660 1. 312 .950 .362 72.4 
5.660 1. 314 .974 .340 74.1 
5.650 1.318 .998 .320 75.7 
5.640 1. 323 1. 033 .290 78.1 
5.630 1. 327 1.052 .275 79.3 
5.600 1. 334 1.085 .249 81. 3 
5.580 1.337 1.103 .234 82.5 
5.540 1. 357 1.148 .209 84.6 
5.470 1. 373 1.196 .177 87.1 
5.390 1. 391 1.241 .150 89.2 
5.270 1. 421 1.303 .118 91. 7 
5.190 1. 439 1.341 .098 93.2 
5.070 1. 4 79 1.406 .073 95.1 
4.970 1. 519 1.465 .054 96.4 
4.870 1. 557 1. 521 .036 97.7 
4.050 1.075 .695 .380 64.7 
4.050 1. 078 .729 .349 67.6 
4.050 1.079 .755 .324 70.0 
4.050 1.080 .785 .295 72.7 
4.050 1.082 .811 .271 75.0 
4.050 1.084 .837 .24 7 77.2 
4.050 1. 088 .859 .229 79.0 
4.040 1.097 .896 .201 81. 7 
4.020 1. 106 .932 .174 84.3 
3.980 1.130 .982 .148 86.9 
3.940 1.155 1. 027 .128 88.9 
91. 349 1.179 1.077 .102 91. 3 
3.820 1.208 1.124 .084 93.0 
3.730 1. 251 1.190 .061 95.1 
3.650 1. 295 1. 253 .042 96.8 
2.420 .782 .603 .179 77.1 
2.430 .785 .636 .149 81. 0 
2.430 .790 .673 .117 85.2 
2.420 .798 .701 .097 87.8 
2.410 .811 .727 .084 89.6 
2.390 .827 .748 .079 90.4 
2.360 .860 .803 .057 93.4 
2.340 .893 .850 .043 95.2 
2.290 .941 .908 .033 96.5 
2.220 1.014 .988 .026 97.4 
Note: PFMD was a weighing tank. 
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TABLE A.23. The Laboratory Data for the 18" x 4.5' Cutthroat 
Flume (Experiments Made by Henry (1990) at the 




































































































































































































(TABLE A.23. Continued) 
6.580 1.097 .723 .374 65.9 
6.570 1.099 .761 .338 69.2 
6.570 1.101 .832 .269 75.6 
6.570 1.102 .846 .256 76.8 
6.560 1.110 .918 .192 82.7 
6.550 1.120 .980 .140 87.5 
6.530 1.138 1.031 .107 90.6 
6.440 1.193 1.114 .079 93.4 
6.370 1. 233 1.184 .049 96.0 
6.270 1. 277 1. 250 .027 97.9 
6.090 1. 339 1. 326 .013 99.0 
4.010 .802 .360 .442 44.9 
4.010 .804 .448 .356 55.7 
4.020 .806 .533 .273 66.1 
4.030 .807 .578 .229 71. 6 
4.000 .805 .627 .178 77.9 
4.010 .806 .640 .166 79.4 
4.010 .809 .691 .118 85.4 
3.990 .818 .744 .074 91. 0 
3.980 .835 .781 .054 93.5 
3.940 .862 .815 .047 94.5 
2.520 .597 .265 .332 44.4 
2.520 .598 .324 .274 54.2 
2.520 .598 .383 .215 64.0 
2.520 .599 .440 .159 73.5 
2.520 .599 .481 .118 80.3 
2.520 .600 .510 .090 85.0 
2.520 .602 .534 .068 88.7 
2.510 .607 .561 .046 92.4 
2.510 .616 .584 .032 94.8 
2.490 .645 .620 .025 96.1 
2.470 .675 .657 .018 97.3 
2.440 .722 .711 .011 98.5 
1.040 .335 .244 .091 72.8 
1.040 .336 .285 .051 84.8 
1.040 .338 .309 .029 91.4 
1.040 .344 .330 .014 95.9 
1. 030 .362 .350 .012 96.7 
1.020 .400 .395 .005 98.8 
PFMD was a weighing tank. 
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APPENDIX B. Accuracy Analysis 
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TABLE B.1. Free-Flow Accuracy Analysis for the 2" x 1.5' 
Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.58700 .58244 -.00456 -.00778 
.42500 .43153 .00653 .01535 
.32800 .32544 -.00256 -.00780 
.25400 .25391 -.00009 -.00035 
TABLE B.2. Free-Flow Accuracy Analysis for the 2 11 x 1.5' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.58700 .57101 -.01599 -.02725 
.42500 .42 395 -.00105 -.00247 
.32800 .32036 -.00764 -.02329 
.25400 .25038 -.00362 -.01424 
TABLE B. 3. Submerged-Flow Accuracy Analysis for the 2" x 1. 5' 





































TABLE B. 4. Submerged-Flow Accuracy Analysis for the 2" x 1. 5' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.58700 .57916 -.00784 -.01336 
.58700 .57911 -.00789 -.01344 
.42500 .43024 .00524 .01233 
.42500 .42502 .00002 .00005 
.42500 .40766 -.01734 -.04080 
.25400 .25664 .00264 .01041 
.25400 .25443 .00043 .00170 
.25400 .25268 -.00132 -.00520 
.32800 .32628 -.00172 -.00525 
.32800 .32365 -.00435 -.01326 
.32800 .31090 -.01710 -.05215 
TABLE B.5. Free-Flow Accuracy Analysis for the 4" x 3.0' 
(Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.76000 .75765 -.00235 -.00309 
1.04000 1. 03395 -.00605 -.00582 
1. 38000 1.41961 .03961 .02870 
1. 8 3000 1 . 79788 -.03212 -.01755 
TABLE B.6 . Free-Flow Accuracy Analysis for the 4' x 3.0' 
(Bennett) Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.76000 .75926 -.00074 -.00098 
1.04000 1. 02897 -.01103 -.01061 
1.38000 1.40281 .02281 .01653 
1.83000 1.76727 -.06273 -.03428 
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TABLE B. 7. Submerged-Flow Accuracy Analysis for the 4 11 x 3. 0' 
(Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.82000 .78225 -.03775 -.04604 
.82000 .79484 -.02516 -.03068 
. 82000 .83042 .01042 .01271 
.82000 .82491 .00491 .00599 
.82000 .79437 -.02563 -.03126 
.82000 .78765 -.03235 -.03945 
.82000 .78505 -.03495 -.04262 
1.04000 1.01662 -.02338 -.02248 
1.04000 1.02867 -.01133 -.01090 
1.04000 1. 02940 -.01060 -.01019 
1.04000 1.02226 -.01774 -.01706 
1.04000 1. 02679 -.01321 -.01271 
1. 04000 1.02408 -.01592 -.01531 
1. 04000 1. 02322 -.01678 -.01613 
1. 38000 1.37452 -.00548 -.00397 
1.38000 1.39029 .01029 .00746 
1.38000 1.39846 .01846 .01338 
1.38000 1.40816 .02816 .02041 
1.38000 1.38463 .00463 .00335 
1.83000 1. 75185 -.07815 -.04271 
TABLE B. 8. Submerged-Flow Accuracy Analysis for the 4 11 x 3. 0' 
(Bennett) Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.82000 .82470 .00470 .00574 
.82000 .81750 -.00250 -.00305 
.82000 .83651 .01651 . 02014 
.82000 .81537 -.00463 -.00564 
.82000 .75995 -.06005 -.07323 
.82000 .73423 -.08577 -.10459 
.82000 .71396 -.10604 -.12932 
1.04000 1.06521 .02521 .02424 
1.04000 1.05534 .01534 .01475 
1.04000 1. 03507 -.00493 -.00474 
1.04000 1.00560 -.03440 -.03308 
1.04000 .98822 -.05178 -.04979 
1.04000 .96499 -.07501 -.07212 
1.04000 .94381 -.09619 -.09249 
1. 38000 1.43710 .05710 .04137 
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(TABLE B.8. Continued) 
1.38000 1. 42633 .04633 .03357 
1. 38000 1.40676 .02676 .01939 
1. 38000 1.38959 .00959 .00695 
1.38000 1. 33515 -.04485 -.03250 
1.83000 1. 81921 -.01079 -.00590 
TABLE B.9. Free-Flow Accuracy Analysis for the 6 11 x 4.5' 
(Bennett) cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.66500 .66007 -.00493 -.00742 
1.07500 1.09103 .01603 .01491 
1.49700 1.50956 .01256 .00839 
1.99100 1.96579 -.02521 -.01266 
TABLE B.10. Free-Flow Accuracy Analysis for the 6" x 4.5' 
(Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.66500 .65173 -.01327 -.01995 
1.07500 1. 08723 .01223 .01137 
1.49700 1. 51329 .01629 .01088 
1.99100 1.98022 -.01078 -.00542 
TABLE B.11. Submerged-Flow Accuracy Analysis for the 6 11 x 
4.5' (Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.66500 .64830 -.01670 -.02511 
.66500 .61819 -.04681 -.07039 
.66500 .60377 -.06123 -.09207 
.66500 .59642 -.06858 -.10313 
.66500 .60193 -.06307 -.09484 
.66500 .60349 -.06151 -.09250 
.66500 .62092 -.04408 -.06629 
1.07500 1.09243 .01743 .01622 
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(TABLE B. 11. Continued) 
1.07500 1.08102 .00602 .00560 
1.07500 1.07551 .00051 .00047 
1.07500 1. 08991 .01491 .01387 
1.07500 1. 10441 .02941 .02736 
1.07500 1. 11703 .04203 .03910 
1. 07 500 1.14017 .06517 .06062 
1. 07 500 1. 16063 .08563 .07966 
1.49700 1. 52464 .02764 .01847 
1.49700 1.52102 .02402 .01604 
1.49700 1.54163 .04463 .02981 
1.49700 1.59323 .09623 .06428 
1.49700 1. 57337 .07637 .05102 
1.49700 1.59940 .10240 .06841 
1.49700 1.57687 .07987 .05335 
1.49700 1.57714 .08014 .05354 
1.99100 2.06511 .07411 .03722 
1.99100 2.04962 .05862 .02944 
1.99100 2.10044 .10944 .05497 
1.99100 2.18291 .19191 .09639 
1.99100 2.13432 .14332 .07198 
1.99100 2.14413 .15313 .07691 
1.99100 2.21465 .22365 .11233 
1.99100 2.20931 .21831 .10965 
1.99100 2.24904 .25804 .12961 
1.99100 2.24451 .25351 .12733 
TABLE B.12. Submerged-Flow Accuracy Analysis for the 6" x 
4. 5' (Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.66500 .62874 -.03626 -.05452 
.66500 .58261 -.08239 -.12389 
.66500 .55685 -.10815 -.16263 
.66500 .54125 -.12375 -.18609 
.66500 .53983 -.12517 -.18823 
.66500 .53382 -.13118 -.19727 
.66500 .54250 -.12250 -.18421 
1.07500 1.08264 .00764 .00711 
1.07500 1.04411 -.03089 -.02874 
1.07500 1. 01 779 -.05721 -.05322 
1.07500 1.01658 -.05842 -.05435 
1.07500 1. 01729 -.05771 -.05369 
1.07500 1.01501 -.05999 -.05580 
1.07500 1.02758 -.04742 -.04411 
1.07500 1.02848 -.04652 -.04328 
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(TABLE B.12. Continued) 
1.49700 1.52565 .02865 .01914 
1.49700 1.49146 -.00554 -.00370 
1. 49700 1.48961 -.00739 -.00494 
1.49700 1.51993 .02293 .01532 
1. 49700 1.47524 -.02176 -.01454 
1.49700 1. 4 7942 -.01758 -.01174 
1.49700 1.43145 -.06555 -.04379 
1.49700 1.40939 -.08761 -.05852 
1.99100 2.07106 .08006 .04021 
1.99100 2.02501 .03401 .01708 
1.99100 2.05327 .06227 .03127 
1.99100 2.11176 .12076 .06065 
1.99100 2.02728 .03628 .01822 
1.99100 2.01034 .01934 .00971 
1.99100 2.05949 .06849 .03440 
1.99100 2.02638 .03538 .01777 
1.99100 2.04346 .05246 .02635 
1.99100 2.00974 .01874 .00941 
TABLE B.13. Free-Flow Accuracy Analysis for the 6 11 x 4.5' 
(Henry) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
4.11000 4.00348 -.10652 -.02592 
3.59000 3.57216 -.01784 - .00497 
3.19000 3.18013 -.00987 -.00309 
2.78000 2.78788 . 00788 . 00283 
2.37000 2.39196 .02196 .00926 
1.99000 2.00099 .01099 .00552 
1.59000 1.60242 .01242 .00781 
1.18000 1.18132 .00132 .00112 
.79000 .78135 -.00865 -.01094 
3.38000 3.43410 .05410 .01601 
3.39000 3.44216 .05216 .01539 
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TABLE B.14. Free-Flow Accuracy Analysis for the 6 11 x 4.5' 
(Henry) Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
4.11000 4.01000 -.10000 -.02433 
3.59000 3.56302 -.02698 -.00752 
3.19000 3.15848 -.03152 -.00988 
2.78000 2.75553 -.02447 -.00880 
2.37000 2.35093 -.01907 -.00804 
1. 99000 1.95382 -.03618 -.01818 
1. 59000 1.55193 -.03807 -.02394 
1.18000 1.13135 -.04865 -.04123 
.79000 0.73702 -.05298 -.06706 
3.38000 3.42036 .04036 .01194 
3.39000 3.42868 .03868 .01141 
TABLE B.15. Submerged-Flow Accuracy Analysis for the 6 II X 
4 . 5 ' (Henry) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
3.38000 3.41616 .03616 .01070 
3.39000 3.42065 .03065 .00904 
3.37000 3.43135 .06135 .01820 
3.38000 3.42506 .04506 .01333 
3.36000 3.42300 .06300 .01875 
3.34000 3.42737 .08737 .02616 
3.31000 3.42288 .11288 .03410 
3.29000 3.43206 .14206 .04318 
3.25000 3.41974 .16974 .05223 
3.18000 3.39669 .21669 .06814 
3.14000 3.35531 .21531 .06857 
3.05000 3.30881 .25881 .08486 
2.96000 3.24238 .28238 .09540 
2.85000 3.09098 .24098 .08456 
2.75000 2.96510 .21510 .07822 
2.60000 2.81074 .21074 .08105 
2.05000 2.06584 .01584 .00772 
2.05000 2.06200 .01200 .00585 
2.04000 2.05723 .01723 .00844 
2.03000 2.04635 .01635 .00805 
2.02000 2.03414 .01414 .00700 
2.00000 2.01666 .01666 .00833 
1.96000 2.00315 .04315 .02202 
1.93000 1. 97620 .04620 .02394 
1. 87000 1.91840 .04840 .02588 
1.81000 1.85078 .04078 .02253 
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(TABLE B.15. Continued) 
1.75000 1.74054 -.00946 -.00540 
1.65000 1.60910 -.04090 -.02479 
.50000 .48578 -.01422 -.02844 
.50000 .48495 -.01505 -.03011 
.50000 .48277 -.01723 -.03445 
.50000 .47954 -.02046 -.04091 
.50000 .47113 -.02887 -.05774 
.49000 .46598 -.02402 -.04901 
.49000 .45484 -.03516 -.07175 
.49000 .43873 -.05127 -.10464 
.49000 .42141 -.06859 -.13998 
.49000 .41346 -.07654 -.15620 
.49000 .41777 -.07223 -.14742 
.48000 .41683 -.06317 -.13160 
.48000 .41223 -.06777 -.14118 
TABLE B.16. Submerged-Flow Accuracy Analysis for the 6 II X 
4.5' (Henry) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
3.38000 3.49377 .11377 .03366 
3.39000 3.49074 .10074 .02972 
3.37000 3.49447 .12447 .03694 
3.38000 3.48049 .10049 .02973 
3.36000 3.47136 .11136 .03314 
3.34000 3.46977 .12977 .03885 
3.31000 3.45096 .14096 .04259 
3.29000 3.44885 .15885 .04828 
3.25000 3.42369 .17369 .05344 
3.18000 3.38138 .20138 .06333 
3.14000 3.32057 .18057 .05751 
3.05000 3.25582 .20582 .06748 
2.96000 3.16552 .20552 .06943 
2.85000 2.98484 .13484 .04731 
2.75000 2.83649 .08649 .03145 
2.60000 2.65870 .05870 .02258 
2.05000 2.06865 .01865 .00910 
2.05000 2.05804 .00804 .00392 
2.04000 2.04740 .00740 .00363 
2.03000 2.03016 .00016 .00008 
2.02000 2.00715 -.01285 -.00636 
2.00000 1.97867 -.02133 -.01066 
1.96000 1. 95451 -.00549 -.00280 
1.93000 1.91733 -.01267 -.00657 
1.87000 1.84281 -.02719 -.01454 
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1.81000 1.76015 -.04985 -.02754 
1.75000 1.63158 -.11842 -.06767 
1.65000 1.48012 -.16988 -.10295 
.50000 .46217 -.03783 -.07566 
.50000 .46025 -.03975 -.07950 
.50000 .45684 -.04316 -.08632 
.50000 .45246 -.04754 -.09508 
.50000 .44246 -.05754 -.11507 
.49000 .43635 -.05365 -.10948 
.49000 .42329 -.06671 -.13614 
.49000 .40524 -.08476 -.17298 
.49000 .38566 -.10434 -.21294 
.49000 .37644 -.11356 - . 23176 
.49000 . 37891 -.11109 -.22670 
.48000 .37528 -.10472 -.21817 
.48000 .36714 -.11286 -.23513 
TABLE B.17 . Free-Flow Accuracy Analysis for the 1.025' x 9.0' 





































































































(TABLE B.17. Continued) 
2.36600 2.34939 -.01661 -.00702 
2.71600 2.69585 -.02015 -.00742 
1.03200 1. 02578 -.00622 -.00603 
1.42900 1.42378 -.00522 -.00366 
1.66600 1.64842 -.01758 -.01056 
.21000 .21117 .00117 .00557 
.43900 .43543 -.00357 -.00813 
.63400 .63090 -.00310 -.00489 
.74600 .74134 -.00466 -.00625 
.89900 .88752 -.01148 -.01277 
3.65900 3.60836 -.05064 -.01384 
3.97800 4.17816 .20016 .05032 
4.70100 4.89412 .19312 .04108 
6.67600 6.85170 .17570 .02632 
8.53900 8.65907 .12007 .01406 
10.80000 10.60875 -.19125 -.01771 
TABLE B.18. Free-Flow Accuracy Analysis for the 1.025' X 9.0 1 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
3.94100 4.05209 .11109 .02819 
2.05500 2.16484 .10984 .05345 
5.24400 5.33302 .08902 .01698 
6.15100 6.20505 .05405 .00879 
2.65100 2.77397 .12297 .04639 
4.60900 4.72815 .11915 .02585 
5.80300 5.85834 .05534 .00954 
7.05000 7.05390 .00390 .00055 
7.91400 7.86843 -.04557 -.00576 
8.91100 8.84534 -.06566 -.00737 
9.78300 9.67256 -.11044 -.01129 
.34000 .36834 .02834 .08336 
.95400 1. 00371 .04971 .05211 
1.15700 1.22210 .06510 .05627 
9.92700 9.75996 -.16704 -.01683 
4.98000 5.05533 .07533 .01513 
2.39100 2.46968 .07868 .03291 
7.40300 7.33132 -.07168 -.00968 
1.09200 1. 0594 6 -.03254 -.02980 
.81100 .77314 -.03786 -.04668 
1.26800 1.18156 -.08644 -.06817 
1.27700 1. 23325 -.04375 -.03426 
1. 42900 1.38924 -.03976 -.02783 
1. 4 7900 1.43617 -.04283 -.02896 
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2.36600 2.36485 -.00115 -.00048 
2.71600 2.71407 -.00193 -.00071 
1. 03200 1.03144 -.00056 -.00054 
1.42900 1. 43224 .00324 .00227 
1.66600 1.65852 -.00748 -.00449 
.21000 .21191 .00191 .00911 
.43900 .43736 -.00164 -.00373 
.63400 .63400 -.00000 -.00001 
.74600 .74513 -.00087 -.00117 
.89900 .89226 -.00674 -.00749 
3.65900 3.63409 -.02491 -.00681 
3.97800 4.20873 .23073 .05800 
4.70100 4.93092 .22992 .04891 
6.67600 6.90616 .23016 .03448 
8.53900 8.73048 .19148 .02242 
10.80000 10.69899 -.10101 -.00935 
TABLE B.19. Submerged-Flow Accuracy Analysis for the 1.025' 
x 9.0' Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
9.92700 10.62100 .69400 .07000 
9.92700 10.48300 .55600 .05600 
9.92700 10.40100 .47400 .04800 
4.98000 5.04390 .06400 .01300 
4.98000 4.93390 -.04600 -.00900 
4.98000 4.90300 -.07700 -.01500 
4.98000 4.90160 -.07800 -.01600 
4.98000 4.93410 -.04600 -.00900 
4.98000 4.94750 -.03200 -.00700 
2.39100 2.19670 -.19400 -.08100 
2.39100 2.27610 -.11500 -.04800 
7.40300 7.29370 -.10900 -.01500 
7.40300 7.33020 -.07300 -.01000 
7.40300 7.31570 -.08700 -.01200 
7.40300 7.40520 .00200 .00000 
7.40300 7.55300 .15000 .02000 
7.40300 7.52190 .11900 .01600 
7.40300 7.70270 .30000 .04000 
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TABLE B.20. Submerged-Flow Accuracy Analysis for the 1. 025' 
X 9.0' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
9.92700 10.40518 .47818 .04817 
9.92700 10.53249 .60549 .06099 
9.92700 10.61909 .69209 .06972 
4.98000 5.50444 .52444 .10531 
4.98000 5.24650 .26650 .05351 
4.98000 5.10610 .12610 .02532 
4.98000 5.04408 .06408 .01287 
4.98000 4.94137 -.03863 -.00776 
4.98000 4.61414 -.36586 -.07347 
2.39100 2.16172 -.22928 -.09589 
2.39100 2.15050 -.24050 -.10058 
7.40300 8.16771 .76471 .10330 
7.40300 7.86762 .46462 . 06276 
7.40300 7.95705 .55405 .07484 
7.40300 7.77699 .37399 .05052 
7.40300 7.69240 .28940 .03909 
7.40300 7.75129 .34829 .04705 
7.40300 7.54500 .14200 .01918 
TABLE B.21. Free-Flow Accuracy Analysis for the 4" x 1.5' 
Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qb f Absolute Error Relative Error 
1. 13900 1.12792 -.01108 -.00973 
.97700 .99096 .01396 .01429 
.50500 .50138 - .00361 -.00716 
.28500 .28582 . 00082 .00288 
TABLE B.22. Free-Flow Accuracy Analysis for the 4 " x 1.5' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.13900 1.11846 -.02054 -.01803 
.97700 .99040 .01340 .01371 
.50500 .52223 .01723 .03412 
.28500 .30802 .02302 .08077 
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TABLE B.23. Submerged-Flow Accuracy Analysis for the 4" x 
1.5' Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
1.13900 1.12170 -.01700 -.01500 
1.13900 1. 20080 .06200 .05400 
1.13900 1. 17380 .03500 .03100 
.97700 1.01200 .03500 .03600 
.97700 1.02610 .04900 .05000 
.50500 .47420 -.03100 -.06100 
.50500 .48180 -.02300 -.04600 
TABLE B.24. Submerged-Flow Accuracy Analysis for the 4" x 
1. 5' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.13900 1.11589 -.02311 -.02029 
1.13900 1.17687 .03787 .03325 
1.13900 1.13193 -.00707 -.00621 
.97700 1 . 00363 .02663 .02725 
.97700 .99117 .01417 .01451 
.50500 .49759 -.00741 -.01467 
.50500 . 47839 -.02661 -.05269 
TABLE B.25. Free-Flow Accuracy Analysis for the 8 11 x 3.0' 
(Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.80000 .79294 -.00706 -.00882 
1.39000 1. 42153 .03153 .02268 
1.91000 1.88999 -.02001 -.01047 
2.66000 2.65131 -.00869 -.00327 
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TABLE B.26. Free-Flow Accuracy Analysis for the 8 11 x 3.0' 
(Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.80000 .78892 -.01108 -.01385 
1.39000 1.45368 .06368 .04581 
1.91000 1.95879 .04879 .02554 
2.66000 2.79190 .13190 .04959 
TABLE B. 27. Submerged-Flow Accuracy Analysis for the 8 II X 
3. 0' (Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.80000 .79014 -.00986 -.01233 
.80000 .78128 -.01872 -.02340 
.80000 .77172 -.02828 -.03535 
.80000 . 75257 -.04743 -.05929 
.80000 . 72572 -.07428 -.09285 
.80000 . 71837 -.08163 -.10204 
.80000 .73078 -.06922 -.08653 
.80000 .73843 -.06157 -.07696 
.80000 .71425 -.08575 -.10718 
.80000 .70347 -.09653 -.12066 
1.39000 1.41381 .02381 .01713 
1.39000 1.43558 .04558 .03279 
1.39000 1.43048 .04048 .02912 
1.39000 1.44664 .05664 .04074 
1.39000 1.45378 .06378 .04588 
1.39000 1.43624 .04624 .03327 
1.39000 1.44038 .05038 .03624 
1 . 39000 1.47510 . 08510 .06122 
1.39000 1.47193 . 08193 .05894 
1.91000 1.84199 -.06801 -.03561 
1.91000 1. 91126 .00126 . 00066 
1.91000 1.95766 .04766 .02495 
1.91000 1. 99310 .08310 .04351 
1.91000 2.04193 .13193 .06908 
1.91000 2.02623 .11623 .06086 
1.91000 2.04865 .13865 .07259 
1.91000 2.05645 .14645 .07667 
1.91000 2.06969 . 15969 .08361 
2.66000 2.62991 -.03009 -.01131 
2.66000 2.71313 .05313 .01997 
2.66000 2.76991 .10991 .04132 
2.66000 2.81899 .15899 .05977 
2.66000 2.87984 .21984 .08265 
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2.66000 2.95711 .29711 .11169 
2.66000 2.97319 .31319 .11774 
2.66000 2.93312 .27312 .10268 
2.66000 2.93412 .27412 .10305 
2.66000 2.79337 .13337 .05014 
TABLE B. 28. Submerged-Flow Accuracy Analysis for the 8 II X 
3 • 0 I (Bennett) cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.80000 .78321 -.01679 -.02099 
.80000 .75600 -.04400 -.05499 
.80000 .72990 -.07010 -.08763 
.80000 .69787 -.10213 -.12766 
.80000 .65664 -.14336 -.17921 
.80000 .64125 -.15875 -.19843 
.80000 .64733 -.15267 -.19084 
.80000 .64851 -.15149 -.18937 
.80000 .61662 -.18338 -.22922 
.80000 .59704 -.20296 -.25370 
1.39000 1.45691 .06691 .04814 
1. 39000 1.44844 .05844 .04204 
1.39000 1.40456 .01456 .01048 
1.39000 1.38729 -.00271 -.00195 
1.39000 1 .36963 -.02037 -.01466 
1.39000 1.32426 -.06574 -.04730 
1.39000 1.30622 -.08378 -.06027 
1.39000 1.31660 -.07340 -.05281 
1.39000 1.28306 -.10694 -.07693 
1.91000 1.95742 .04742 .02482 
1.91000 1.98035 .07035 .03683 
1.91000 1.98411 .07411 .03880 
1.91000 1.98775 .07775 . 04071 
1.91000 2.00437 .09437 .04941 
1.91000 1. 94335 .03335 .01746 
1.91000 1.92983 .01983 .01038 
1.91000 1.90147 -.00853 -.00446 
1. 91000 1.87918 -.03082 -.01614 
2.66000 2.81553 .15553 .05847 
2.66000 2.84055 .18055 .06787 
2.66000 2.84120 .18120 .06812 
2.66000 2.83719 .17719 .06661 
2.66000 2.84821 .18821 .07076 
2.66000 2.87653 .21653 .08140 
2.66000 2.83424 .17424 .06550 
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Free-Flow Accuracy Analysis for 
(Bennett) Cutthroat Flume by 
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Free-Flow Accuracy Analysis for the 12 II X 4.5' 
(Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qfnl Absolute Error Relative Error 
1.96795 .04895 .02551 
2.79227 .05327 .01945 
4.08848 .17948 .04591 
5.82944 .10644 .01860 
Submerged-Flow Accuracy Analysis for the 12 II X 
4 . 5 ' (Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qbf Absolute Error Relative Error 
1.87912 -.03988 -.02078 
1.93669 .01769 .00922 
1.94669 .02769 .01443 
1.91220 -.00680 -.00354 
1.84620 -.07280 -.03794 
1.78713 -.13187 -.06872 
1.77182 -.14718 -.07670 
1 . 78293 -.13607 -.07091 
2.73482 -.00418 -.00153 
2.76546 .02646 .00966 
2.75104 .01204 .00440 
2.71187 -.02713 -.00991 
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2.73900 2.66465 -.07435 -.02714 
2.73900 2.67221 -.06679 -.02438 
2.73900 2.64158 -.09742 -.03557 
2.73900 2.70076 -.03824 -.01396 
3.90900 4.07048 .16148 .04131 
3.90900 4.06894 .15994 .04092 
3.90900 4.14338 .23438 .05996 
5.72300 5.68703 -.03597 -.00629 
5.72300 5.77819 .05519 .00964 
5.72300 5.85251 .12951 .02263 
5.72300 5.77758 .05458 .00954 
5.72300 5.94503 .22203 .03880 
5.72300 5.99380 .27080 .04732 
5.72300 5.99314 .27014 .04720 
5.72300 6.04464 .32164 .05620 
5.72300 5.94960 .22660 .03959 
5.72300 5.99001 .26701 .04666 
TABLE B.32. Submerged-Flow Accuracy Analysis for the 12 II X 
4 . 5 ' (Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.91900 1.97116 .05216 .02718 
1 . 91900 2.01188 .09288 .04840 
1.91900 2.00150 .08250 .04299 
1.91900 1.94370 .02470 .01287 
1.91900 1.85311 -.06589 -.03433 
1.91900 1.77496 -.14404 -.07506 
1.91900 1.74609 -.17291 -.09010 
1.91900 1.74777 -.17123 -.08923 
2.73900 2 . 85304 .11404 .04164 
2.73900 2.86445 .12545 .04580 
2.73900 2.81923 .08023 .02929 
2.73900 2 . 74926 .01026 .00375 
2.73900 2.67052 -.06848 -.02500 
2.73900 2.65534 -.08366 -.03054 
2.73900 2.59850 -.14050 -.05130 
2.73900 2.63742 -.10158 -.03709 
3.90900 4.03471 .12571 .03216 
3.90900 3.99765 .08865 .02268 
3.90900 4.04905 .14005 .03583 
5.72300 5.96323 .24023 .04198 
5.72300 6.01339 .29039 .05074 
5.72300 6.04500 .32200 .05626 
5.72300 5.90791 .18491 .03231 
5.72300 6.04998 .32698 .05714 






















TABLE B.33. Free-Flow Accuracy Analysis for the 12" x 4.5' 




























































































TABLE B.34. Free-Flow Accuracy Analysis for the 12" x 4.5' 
(Henry) Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
6.16000 6.34419 .18419 .02990 
5.64000 6.00164 .36164 .06412 
5.40000 5.79059 .39059 .07233 
4.87000 5.22831 .35831 .07357 
4.41000 4.71137 .30137 .06834 
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4.02000 4.27834 .25834 .06426 
3.49000 3.65517 .16517 .04733 
3.05000 3.15117 .10117 .03317 
2.50000 2.55017 .05017 .02007 
2.03000 2.05305 .02305 .01135 
1. 56000 1.53815 -.02185 -.01400 
.93000 .86760 -.06240 -.06710 
.52000 .44939 -.07061 -.13580 
5.67000 6.07269 .40269 .07102 
5.67000 6.06478 .39478 .06963 
5.67000 6.08060 .41060 .07242 
5.66000 6.08852 .42852 .07571 
5.66000 6.10437 .44437 .07851 
5.65000 6.13613 .48613 .08604 
4.05000 4.33324 .28324 .06994 
4.05000 4.35391 .30391 .07504 
4.05000 4.36080 .31080 .07674 
TABLE B.35. Submerged-Flow Accuracy Analysis for the 12 II X 
4.5' (Henry) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
5.67000 5.55740 -.11300 -.02000 
5.67000 5.56030 -.11000 - . 01900 
5.67000 5.57480 -.09500 -.01700 
5.66000 5.57140 -.08900 -.01600 
5.66000 5.56880 -.09100 -.01600 
5.65000 5.57340 -.07700 -.01400 
5.64000 5.55940 -.08100 -.01400 
5.63000 5.55440 -.07600 -.01300 
5.60000 5.53300 -.06700 -.01200 
5.58000 5 . 50590 -.07400 -.01300 
5.54000 5.53230 -.00800 -.00100 
5.47000 5 . 47150 .00200 .00000 
5.39000 5.40360 .01400 .00300 
5.27000 5.29950 .03000 .00600 
5.19000 5.17690 -.01300 -.00300 
5.07000 5.01880 -.05100 -.01000 
4.97000 4.83460 -.13500 -.02700 
4.87000 4.51130 -.35900 -.07400 
4.05000 4.05730 .00700 .00200 
4.05000 4.08980 .04000 .01000 
4.05000 4.09810 .04800 .01200 
4.05000 4.09520 .04500 .01100 
4.05000 4.08920 .03900 .01000 
4.05000 4.07220 .02200 .00500 
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4.05000 4.06520 .01500 .00400 
4.04000 4.05240 .01200 .00300 
4.02000 4.01770 -.00200 -.00100 
3.98000 4.03330 .05300 .01300 
3.94000 4.04940 .10900 .02800 
3.88000 3.98010 .10000 .02600 
3.82000 3.94470 .12500 .03300 
3.73000 3.84110 .11100 .03000 
3.65000 3.67280 .02300 .00600 
2.42000 2.44600 .02600 .01100 
2.43000 2.45640 .02600 .01100 
2.42000 2.43180 .01200 .00500 
2.43000 2.39890 -.03100 -.01300 
2.43000 2.33880 -.09100 -.03800 
2.42000 2.29710 -.12300 -.05100 
2.41000 2.28600 -.12400 -.05100 
2.39000 2.31980 -.07000 -.02900 
2.36000 2.28140 -.07900 -.03300 
2.34000 2.24820 -.09200 -.03900 
2.29000 2.26100 -.02900 -.01300 
2.22000 2.35220 .13200 .06000 
TABLE B.36. Submerged-Flow Accuracy Analysis for the 12" x 





















































































(TABLE B.36. Continued) 
4.05000 4.39963 -.34963 -.08633 
4.05000 4.41107 -.36107 -.08915 
4.05000 4.41735 -.36735 -.09070 
4.05000 4.41184 -.36184 -.08934 
4.05000 4.41550 -.36550 -.09025 
4.04000 4.42080 -.38080 -.09426 
4.02000 4.40184 -.38184 -.09499 
3.98000 4.44648 -.46648 -.11721 
3.94000 4.48942 -.54942 -.13945 
3.88000 4.44083 -.56083 -.14454 
3.82000 4.42815 -.60815 -.15920 
3.73000 4.34978 -.61978 -.16616 
3.65000 4 . 19583 -.54583 -.14954 
2.42000 2.50559 -.08559 -.03537 
2.43000 2.53662 -.10662 -.04388 
2.42000 2.52723 -.10723 -.04431 
2.43000 2.50607 -.07607 -.03130 
2.43000 2.45818 -.02818 -.01159 
2.42000 2.42610 -.00610 -.00252 
2.41000 2.42568 -.01568 -.00651 
2.39000 2.47076 -.08076 -.03379 
2.36000 2.45429 -.09429 -.03995 
2.34000 2.43959 -.09959 - . 04256 
2.29000 2.47838 -.18838 -.08226 
2 .22000 2.61111 -.39111 -.17617 
TABLE B. 37. Free-Flow Accuracy Analysis for the 1.991' X 9.0 1 
Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
1.01000 1.00530 - . 00470 -.00465 
2.90600 2.89231 -.01369 -.00471 
4.86600 4.88715 .02115 .00435 
7.19800 7.20232 .00432 .00060 
9.09100 9.11891 .02791 .00307 
11.52000 11.56533 .04533 .00393 
14.11700 14.06307 -.05393 -.00382 
16.94100 16.83608 -.10492 -.00619 
5.68300 5.70227 .01927 .00339 
8.20300 8.19129 -.01171 -.00143 
4.93100 4.96281 .03181 .00645 
9.94800 9.97193 .02393 .00241 
14.82400 14.78858 -.03542 -.00239 
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TABLE B.38. Free-Flow Accuracy Analysis for the 1.991' x 9.0' 
cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.01000 1.00411 -.00589 -.00583 
2.90600 2.88890 -.01710 -.00589 
4.86600 4.88137 .01537 .00316 
7.19800 7.19381 -.00419 -.00058 
9.09100 9.10814 .01714 .00189 
11. 52000 11. 55167 .03167 .00275 
14.11700 14.04646 -.07054 -.00500 
16.94100 16.81619 -.12481 -.00737 
5.68300 5.69553 .01253 .00221 
8.20300 8.18162 -.02138 -.00261 
4.93100 4.95695 .02595 .00526 
9.94800 9.96015 .01215 .00122 
14.82400 14.77112 -.05288 -.00357 
TABLE B.39. Submerged-Flow Accuracy Analysis for the 1.991' 
x 9.0' Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
4.93100 4 .78599 -.14501 -.02941 
4.93100 4.76869 -.16231 -.03292 
4.93100 4.77833 -.15267 -.03096 
4.93100 4.84895 -.08205 -.01664 
4.93100 4.85736 -.07364 -.01493 
9.94800 9.88068 -.06732 -.00677 
9.94800 9.91663 -.03137 -.00315 
9.94800 10.15339 .20539 .02065 
14.77100 14.87645 .10545 .00714 
14.77100 15.57657 .80557 .05454 
14.77100 15.17819 .40719 .02757 
14.77100 14.83556 .06456 .00437 
14.77100 14.97885 .20785 .01407 
14.77100 14.60931 -.16169 -.01095 
14.77100 14.26073 -.51027 -.03455 
14.77100 14.48717 -.28383 -.01922 
TABLE B.40. Submerged-Flow Accuracy Analysis for the 1.991' 
X 9. 0' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
4.93100 4.23789 -.69311 -.14056 
4.93100 4.32907 -.60193 -.12207 
4.93100 4.51282 -.41818 -.08481 
4.93100 4.82231 -.10869 -.02204 
4.93100 4.93032 -.00068 -.00014 
9.94800 10.23886 .29086 .02924 
9.94800 10.26055 .31255 .03142 
9.94800 9.26482 -.68318 -.06867 
14.77100 15.46246 .69146 .04681 
14.77100 15.05781 .28681 .01942 
14.77100 15.16745 .39645 .02684 
14.77100 15.37196 .60096 .04068 
14.77100 15.33832 . 56732 .03841 
14.77100 15.50098 .72998 .04942 
14.77100 15.61925 .84825 .05743 
14.77100 15.57149 .80049 .05419 
TABLE B. 41. Free-Flow Accuracy Analysis for the 24" X 9. 0' 
(Eggleston) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
4 . 61800 4.60174 -.01626 -.00352 
6.64500 6.67385 .02885 .00434 
7.67900 7.67828 -.00072 -.00009 
12.93700 12.80621 -.13079 -.01011 
17.15100 17.38928 .23828 .01389 
22.86800 23.06623 .19823 .00867 
27.73100 27.36875 -.36225 -.01306 
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TABLE B.42. Free-Flow Accuracy Analysis for the 24" x 9.0' 
(Eggleston) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
4.61800 4.37583 -.24217 -.05244 
6.64500 6.33424 -.31076 -.04677 
7.67900 7.28237 -.39663 -.05165 
12.93700 12.11437 -.82263 -.06359 
17.15100 16.42431 -.72669 -.04237 
22.86800 21.75499 -1.11301 -.04867 
27.73100 25.79051 -1.94049 -.06998 
TABLE B.43. Submerged-Flow Accuracy Analysis for the 2 4 II X 
9. 0' Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
19.40000 19.76590 .36590 .01886 
19.40000 20.24013 .84013 .04331 
19.40000 20.52488 1. 12488 .05798 
19.40000 20.75401 1.35401 .06979 
19.25000 20.19609 .94609 .04915 
19.25000 20.34242 1.09242 .05675 
19.25000 19.85767 .60767 .03157 
19.25000 19.72344 .47344 .02459 
6.24800 5.75934 -.48866 -.07821 
6.24800 6.33195 .08395 .01344 
6.24800 6.11037 -.13763 -.02203 
6.24800 5.73679 -.51121 -.08182 
6.24800 5.90954 -.33846 -.05417 
6.24800 6.29587 .04787 .00766 
6.24800 6.11718 -.13082 -.02094 
6.24800 7.09654 .84854 .13581 
8.43000 8.22121 -.20879 -.02477 
8.43000 8.06226 -.36774 -.04362 
8.43000 8.24530 -.18470 -.02191 
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TABLE B.44. Submerged-Flow Accuracy Analysis for the 2 4 11 X 
9.0' cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
19.40000 16.41929 -2.98071 -.15365 
19.40000 17.65040 -1.74960 -.09019 
19.40000 19.23219 -.16781 -.00865 
19.40000 19.01778 -.38222 -.01970 
19.25000 19.64663 .39663 .02060 
19.25000 19.43511 .18511 .00962 
19.25000 19.51848 .26848 .01395 
19.25000 19.78819 .538 19 .02796 
6.24800 5.14279 -1.10521 -.17689 
6.24800 6.35763 .10963 .01755 
6.24800 5.89557 -.35243 -.05641 
6.24800 5.34055 -.90745 -.14524 
6.24800 5.33564 -.91236 -.14602 
6.24800 6.37970 .13170 .02108 
6.24800 5.93405 -.31395 -.05025 
6.24800 6.30890 .06090 .00975 
8.43000 8.07414 -.35586 -.04221 
8.43000 7.67457 -.75543 -.08961 
8.43000 8.20692 -.22308 -.02646 
9.93000 14.97860 5.04860 .50842 
9.93000 13.20347 3.27347 .32965 
9.93000 10.26480 .33480 .03372 
9.93000 10.60205 .67205 .06768 
9.93000 9.85091 -.07909 -.00796 
9.93000 9.60213 -.32787 -.03302 
10.28000 10.25491 -.02509 -.00244 
9.88000 8.48346 -1.39654 -.14135 
10.30000 8.77466 -1.52534 -.14809 
10.30000 8.81413 -1. 48587 -.14426 
10.30000 8.93683 -1.36317 -.13235 
10.30000 10.02559 -.27441 -.02664 
10.30000 9.47069 -.82931 -.08052 
10.30000 9.08958 -1. 21042 -.11752 
11.50000 12.17955 . 67955 .05909 
11.50000 10.83162 -.66838 -.05812 
11.50000 11.03178 -.46822 -.04071 
11.50000 11.44996 -.05004 -.00435 
11.50000 11.01824 -.48176 -.04 189 
11.50000 10.62431 -.87569 -.07615 
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TABLE B.45. Free-Flow Accuracy Analysis for the 6 11 x 1.5' 
Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
1.22600 1.15939 -.06661 -.05433 
.81100 .79972 -.01128 -.01391 
.63500 .61584 -.01916 -.03018 
.44600 .41701 -.02899 -.06500 
TABLE B.46. Free-Flow Accuracy Analysis for the 6" x 1.5' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.18700 1.18499 -.00201 -.00169 
.77700 .80201 .02501 .03219 
.60700 .60941 .00241 .00397 
.42500 .40452 -.02048 -.04819 
TABLE B.47. Submerged-Flow Accuracy Analysis for the 6" x 
1.5' Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
1.18700 1.09020 -.09700 -.08200 
1.18700 1.22330 .03600 .03100 
1.18700 1.19370 .00700 .00600 
.77700 .80590 .02900 .03700 
.77700 .83320 .05600 .07200 
.77700 .71430 -.06300 -.08100 
.60700 .59860 -.00800 -.01400 
.60700 .63300 .02600 .04300 
.42500 .42630 .00100 .00300 
.42500 .40510 -.02000 -.04700 
187 
TABLE B.48. Submerged-Flow Accuracy Analysis for the 6 11 x 
1.5' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.18700 1.18710 .00010 .00009 
1.18700 1.27574 .08874 .07476 
1.18700 1.20264 .01564 .01318 
.77700 .83816 .06116 .07872 
.77700 .79643 .01943 .02500 
.77700 .59930 -.17770 -.22870 
.60700 .62563 .01863 .03069 
.60700 .60158 -.00542 -.00892 
.42500 .38633 -.03867 -.09100 
.42500 .41961 -.00539 -.01269 
TABLE B.49. Free-Flow Accuracy Analysis for the 18" x 4.5' 













































































































(TABLE B.49. Continued) 
6.58000 6.58741 .00741 .00113 
6.58000 6.59683 .01683 .00256 
6.57000 6.61569 .04569 .00695 
6.57000 6.63457 .06457 .00983 
6.57000 6.64401 .07401 .01126 
4.01000 4.03806 .02806 .00700 
4.01000 4.05385 .04385 .01094 
4.02000 4.06967 .04967 .01235 
4.03000 4.07758 .04758 .01181 
4.00000 4.06176 .06176 .01544 
2.52000 2.54263 .02263 .00898 
2.52000 2.54931 .02931 .01163 
2.52000 2.54931 .02931 .01163 
2.52000 2.55599 .03599 .01428 
2.52000 2.55599 .03599 .01428 
1.04000 1.02820 -.01180 -.01135 
TABLE B.50. Free-Flow Accuracy Analysis for the 18 II X 4. 5' 
(Henry) Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
8.12000 8.50082 .38082 .04690 
8.12000 8.51230 .39230 .04831 
6.58000 6.75686 .17686 .02688 
6.58000 6.88274 .30274 .04601 
6.58000 6.77777 .19777 .03006 
6.58000 6.78824 .20824 .03165 
6.57000 6.80919 .23919 .03641 
6.57000 6.83017 .26017 .03960 
6.57000 6.84067 .27067 .04120 
4.01000 3.99568 -.01432 -.00357 
4.01000 4.01255 .00255 . 00064 
4.02000 4.02945 .00945 .00235 
4.03000 4.03792 .00792 .00196 
4.00000 4.02100 .02100 .00525 
2.52000 2.42480 -.09520 -.03778 
2.52000 2.43168 -.08832 -.03505 
2.52000 2.43168 -.08832 -.03505 
2.52000 2.43856 -.08144 -.03232 
2.52000 2.43856 -.08144 -.03232 
1.04000 .91223 -.12777 -.12286 
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TABLE B. 51. Submerged-Flow Accuracy Analysis for the 18 II X 
4. 5' (Henry) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
8.13000 7.61041 -.51959 -.06391 
8.12000 7.73497 -.38503 -.04742 
8.12000 7.86207 -.25793 -.03177 
8.12000 7.92782 -.19218 -.02367 
8.10000 7.98496 -.11504 -.01420 
8.11000 8.01252 -.09748 -.01202 
8.07000 8.03493 -.03507 -.00435 
8.05000 8.07896 .02896 .00360 
8.06000 8.04570 -.01430 -.00177 
8.04000 8.07090 .03090 .00384 
7.99000 8.07900 .08900 .01114 
7.98000 8.15055 .17055 .02137 
7.88000 8.25084 .37084 .04706 
7.81000 8.26830 .45830 .05868 
7.76000 8.27109 .51109 .06586 
7.68000 8.15524 .47524 .06188 
7.58000 8.02718 .44718 .05899 
7.50000 7.91498 .41498 .05533 
7.39000 7.56130 .17130 .02318 
7.31000 7.22958 -.08042 -.01100 
7.09000 5.52769 -1.56231 -.22035 
6.57000 6.32066 -.24934 -.03795 
6.57000 6.46310 -.10690 -.01627 
6.57000 6.48604 -.08396 -.01278 
6.56000 6.56581 .00581 .00089 
6.55000 6.55411 .00411 .00063 
6.53000 6.56270 .03270 .00501 
6.44000 6.80516 .36516 .05670 
6.37000 6.70923 .33923 .05325 
6.27000 6.46499 .19499 .03110 
6.09000 6.16461 .07461 .01225 
4.02000 3.83405 -.18595 -.04626 
4.03000 3.93025 -.09975 -.02475 
4.00000 3.97094 -.02906 -.00726 
4.01000 3.98303 -.02697 -.00673 
4.01000 3.97356 -.03644 -.00909 
3.99000 3.89732 -.09268 -.02323 
3.98000 3.87978 -.10022 -.02518 
3.94000 3.99331 .05331 .01353 
2.52000 2.37583 -.14417 -.05721 
2.52000 2.47745 -.04255 -.01688 
2.52000 2.50191 -.01809 -.00718 
2.52000 2.49104 -.02896 -.01149 
2.52000 2.45888 -.06112 -.02425 
2.51000 2.39713 -.11287 -.04497 
2.51000 2.34410 -.16590 -.06610 
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2.49000 2.42220 -.06780 -.02723 
2.47000 2.46493 -.00507 -.00205 
2.44000 2.51508 .07508 .03077 
1.04000 .99484 -.04516 -.04342 
1. 04000 1.00468 -.03532 -.03396 
1.04000 .97048 -.06952 -.06685 
1.04000 .91064 -.12936 -.12439 
1.03000 .95839 -.07161 -.06952 
1. 02000 .96636 -.05364 -.05259 
TABLE B.52. Submerged-Flow Accuracy Analysis for the 18 11 X 
4.5' (Henry) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
8.13000 8.13039 .00039 .00005 
8.12000 8.27072 .15072 .01856 
8.12000 8.41262 .29262 .03604 
8.12000 8.48452 .36452 .04489 
8.10000 8.54688 .44688 .05517 
8.11000 8.57458 .46458 .05728 
8.07000 8.59579 .52579 .06515 
8.05000 8.64251 .59251 .07360 
8.06000 8.59861 .53861 .06683 
8.04000 8.62397 .58397 .07263 
7.99000 8.62977 .63977 .08007 
7.98000 8.71020 .73020 .09150 
7.88000 8.82113 .94113 .11943 
7.81000 8.83368 1.02368 .13107 
7.76000 8.83310 1.07310 .13829 
7.68000 8.68932 1. 00932 .13142 
7.58000 8.53252 .95252 .12566 
7.50000 8.39468 .89468 .11929 
7.39000 7.97607 .58607 .07931 
7.31000 7.58567 .27567 .03771 
7.09000 5.63576 -1. 45424 -.20511 
6.57000 6.65021 .08021 .01221 
6.57000 6.80537 .23537 .03583 
6.57000 6.83001 .26001 .03957 
6.56000 6.91234 .35234 .05371 
6.55000 6.89010 .34010 .05192 
6.53000 6.89220 .36220 .05547 
6.44000 7.15792 .71792 .11148 
6.37000 7.03544 .66544 .10446 
6.27000 6.74339 .47339 .07550 
6.09000 6.38727 .29727 .04881 
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(TABLE B.52. Continued) 
4.02000 3.87793 -.14207 -.03534 
4.03000 3.97997 -.05003 -.01242 
4.00000 4.02019 .02019 .00505 
4.01000 4.03221 .02221 .00554 
4.01000 4.01625 .00625 .00156 
3.99000 3.92575 -.06425 -.01610 
3.98000 3.90166 -.07834 -.01968 
3.94000 4.02248 .08248 .02093 
2.52000 2.31365 -.20635 -.08188 
2.52000 2.41742 -.10258 -.04071 
2.52000 2.44013 -.07987 -.03169 
2.52000 2.42601 -.09399 -.03730 
2.52000 2.38953 -.13047 -.05177 
2.51000 2.32122 -.18878 -.07521 
2.51000 2.26257 -.24743 -.09858 
2.49000 2.34149 -.14851 -.05964 
2.47000 2.38279 -.08721 -.03531 
2.44000 2.43011 -.00989 -.00405 
1.04000 .90268 -.13732 -.13204 
1.04000 .91013 -.12987 -.12488 
1.04000 .87476 -.16524 -.15888 
1. 04000 .81436 -.22564 -.21696 
1.03000 .85991 -.17009 -.16514 
1. 02000 .86449 -.15551 -.15246 
TABLE B.53. Free-Flow Accuracy Analysis for the 3.008' x 9.0' 





































































TABLE B.54. Free-Flow Accuracy Analysis for the 3.008' x 9.0' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
20.31000 20.39667 .08667 .00427 
19.96000 20.03000 .07000 .00351 
14.80000 14.53161 -.26839 -.01813 
10.03000 10.15112 .12112 .01208 
4.98000 4.96473 -.01527 -.00307 
6.70000 6.67461 -.02539 -.00379 
11.83000 11.73864 -.09136 -.00772 
17.12000 17.10640 -.01360 -.00079 
1.73000 1.71732 -.01268 -.00733 
2.66000 2.65488 -.00512 -.00192 
15.00200 14.96861 -.03339 -.00223 
4.89800 4.89079 -.00721 -.00147 
9.97000 10.00802 .03802 .00381 
14.87000 14.93201 .06201 .00417 
20.12000 19.94884 -.17116 -.00851 
4.89800 5.02665 .12865 .02627 
TABLE B.55. Submerged-Flow Accuracy Analysis for the 3.008' 
x 9.0' Cutthroat Flume by Using Best - Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
14.87000 14.64366 -.22634 -.01522 
14.87000 14.92617 .05617 . 00378 
14.87000 14.93782 .06782 .00456 
9.97000 9.95271 -.01729 -.00173 
9.97000 9.81827 -.15173 -.01522 
9.97000 9 . 93961 -.03039 -.00305 
2 0.12000 19.65 3 20 -.46680 -.02320 
20.12000 20.08416 -.03584 -.00178 
20.12000 20.10835 -.01165 -.00058 
20.12000 20.15660 .03660 .00182 
20.12000 20.10060 -.01940 -.00096 
15.00200 14.62110 -.38090 -.02539 
15.00200 14.83003 -.17197 -.01146 
4.89800 5.03028 .13228 .02701 
4.89800 4.92866 .03066 .00626 
4.89800 4.87790 -.02010 -.00410 
4.89800 4.88880 -.00920 -.00188 
4.89800 4.87790 -.02010 -.00410 
18.17600 17.72784 -.44816 -.02466 













TABLE B. 56. Submerged-Flow Accuracy Analysis 
X 9.0' Cutthroat Flume by Using 
Parameters. 
Qmeas Qfnl Absolute Error 
14.87000 14.67385 -.19615 
14.87000 15.09669 .22669 
14.87000 15.14667 .27667 
9.97000 10.10090 .13090 
9.97000 9.89546 -.07454 
9.97000 9.72812 -.24188 
20.12000 19.44035 -.67965 
20.12000 20.26987 .14987 
20.12000 20.32063 .20063 
20.12000 20.46105 .34105 
20.12000 20.45270 .33270 
15.00200 14 .464 77 -.53723 
15.00200 15.19275 .19075 
4.89800 4.95841 .06041 
4.89800 4.87366 -.02434 
4.89800 4.94992 .05192 
4.89800 4.97225 .07425 
4.89800 4.94992 .05192 
18.17600 17.56000 -.61600 
18.17600 17.76287 -.41313 
18.17600 18.30013 .12413 
18.17600 18.40932 .23332 
































TABLE B. 57. Free-Flow Accuracy Analysis for the 8" x 1. 5' 
Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
1. 30200 1. 23878 -.06282 -.04826 
.85200 .88408 .03208 .03765 
.54500 .57193 .02693 .04941 
. 314 00 .30278 -.01072 -.03420 
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TABLE B.58. Free-Flow Accuracy Analysis for the 8 11 x 1.5' 
Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
1.30160 1. 21948 -.08212 -.06309 
.85200 .86863 .01663 .01952 
.54500 .56054 .01554 .02852 
.31350 .29568 -.01782 -.05685 
TABLE B.59. Submerged-Flow Accuracy Analysis for the 8 11 x 
1.5' Cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
.72800 .69020 -.03800 -.05200 
1.12900 1.12730 -.00200 -.00100 
1. 30200 1. 26680 -.03500 -.02700 
1. 30200 1. 41570 .11400 .08700 
.85200 .84530 -.00700 -.00800 
.85200 1. 03540 .18300 .21500 
.42900 .41970 -.00900 -.02200 
.31300 .31070 -.00200 -.00800 
.31300 .27860 -.03400 -.11000 
TABLE B.60. Submerged-Flow Accuracy Analysis for the 8 11 x 
1. 5' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
.72780 .69516 -.03264 -.04484 
1.12900 1.13666 .00766 .00678 
1.30200 1.27138 -.03062 -.02352 
1. 30200 1.32841 .02641 .02029 
.85200 .85010 -.00190 -.00223 
.85200 .97258 .12058 .14153 
.42900 .41787 -.01113 -.02595 
.31300 .28809 -.02491 -.07958 
.31300 .24290 -.07010 -.22397 
195 
TABLE B.61. Free-Flow Accuracy Analysis for the 16" x 3.0' 
(Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
3.00000 3.01241 .01241 .00414 
3.64000 3.63679 -.00321 -.00088 
4.38000 4.34466 -.03534 -.00807 
5.53000 5.55901 .02901 .00525 
TABLE B.62. Free-Flow Accuracy Analysis for the 16" x 3.0' 
(Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
3.00000 3.05391 .05391 .01797 
3.64000 3.65882 .01882 .00517 
4.38000 4.33955 -.04045 -.00924 
5.53000 5.49721 -.03279 -.00593 
TABLE B.63. Submerged-Flow Accuracy Analysis for the 16 II X 
3. 0' (Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
2.91000 2.83623 -.07377 -.02535 
2.91000 2.83295 -.07705 -.02648 
2.91000 2.81415 -.09585 -.03294 
2.91000 2.79931 -.11069 -.03804 
2.91000 2.73902 -.17098 -.05875 
2.91000 2.68547 -.22453 -.07716 
2.91000 2.68269 -.22731 -.07811 
3.64000 3.44470 -.19530 -.05365 
3.64000 3.61627 -.02373 -.00652 
3 .64000 3.65287 .01287 .00354 
3.64000 3.70176 .06176 .01697 
3.64000 3.69789 .05789 .01590 
3.64000 3.66760 .02760 .00758 
3.64000 3.65288 .01288 .00354 
3.64000 3.62156 -.01844 -.00507 
3.64000 3.71623 .07623 .02094 
4.38000 4.20128 -.17872 -.04080 
4.38000 4.34642 -.03358 -.00767 
4.38000 4.38853 .00853 .00195 
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4.38000 4.36075 -.01925 -.00440 
4.38000 4.32278 -.05722 -.01306 
4.38000 4.27906 -.10094 -.02305 
4.38000 4.37791 -.00209 -.00048 
4.38000 4.26857 -.11143 -.02544 
4.38000 4.35540 -.02460 -.00562 
5.53000 5.32382 -.20618 -.03728 
5.53000 5.66065 .13065 .02363 
5.53000 5.75464 .22464 .04062 
5.53000 5.76949 .23949 .04331 
5.53000 5.80724 .27724 .05013 
5.53000 5.76589 .23589 .04266 
5.53000 5.67393 .14393 .02603 
5.53000 5.51767 -.01233 -.00223 
5.53000 5.76949 .23949 .04331 
5.53000 5.80724 .27724 .05013 
5.53000 5.76589 .23589 .04266 
5.53000 5.67393 .14393 .02603 
5.53000 5.51767 -.01233 -.00223 
TABLE B.64. Submerged-Flow Accuracy Analysis for the 16 11 X 
3 • 0 I (Bennett) cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
2.91000 3.14591 .23591 .08107 
2.91000 3.15829 .24829 .08532 
2.91000 3.14873 .23873 .08204 
2.91000 3.14026 .23026 .07913 
2.91000 3.10111 .19111 .06567 
2.91000 3.05947 .14947 .05136 
2.91000 3.07138 .16138 .05546 
3.64000 3.71596 .07596 .02087 
3.64000 3.93299 .29299 .08049 
3.64000 3.98873 .34873 .09581 
3.64000 4.06484 .42484 .11671 
3.64000 4.09463 .45463 .12490 
3.64000 4.08187 .44187 .12139 
3.64000 4.08681 .44681 .12275 
3.64000 4.07638 .43638 .11989 
3.64000 4.18959 .54959 .15099 
4.38000 4.51195 .13195 .03013 
4.38000 4.69349 .31349 .07157 
4.38000 4.77893 .39893 .09108 
4.38000 4.77838 .39838 .09095 
4.38000 4.76530 .38530 .08797 
4.38000 4.74808 .36808 .08404 
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4.38000 4.86228 .48228 .11011 
4.38000 4.77857 .39857 .09100 
4.38000 4.88105 .50105 .11439 
5.53000 5.63901 .10901 .01971 
5.53000 6.04029 .51029 .09228 
5.53000 6.18628 .65628 .11868 
5.53000 6.22163 .69163 .12507 
5.53000 6.29680 .76680 .13866 
5.53000 6.30033 .77033 .13930 
5.53000 6.26336 .73336 .13261 
5.53000 6.13808 .60808 .10996 
5.53000 6.22163 .69163 .125 07 
5.53000 6.29680 .76680 .13866 
5.53000 6.30033 .77033 .13930 
5.53000 6.26336 .73336 .13261 
5.53000 6.13808 .60808 .10996 
TABLE B.65. Free-Flow Accuracy Analysis for the 2 4 II X 4. 5' 
(Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
3.82000 3.81798 -.00202 -.00053 
4.82700 4.82826 .00126 .00026 
5.89200 5.90710 .01510 .00256 
6.84900 6.83599 -.01301 -.00190 
TABLE B.66. Free-Flow Accuracy Analysis for the 24" x 4.5' 
(Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
3.82000 3.78294 -.03706 -.00970 
4.82700 4.79889 -.02811 -.00582 
5.89200 5.88692 -.00508 -.00086 
6.84900 6.82587 -.02313 -.00338 
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TABLE B.67. Submerged-Flow Accuracy Analysis for the 24 II X 
4.5' (Bennett) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
3.82000 3.86049 .04049 .01060 
3.82000 3.91394 .09394 .02459 
3.82000 3.90875 .08875 .02323 
3.82000 3.92257 .10257 .02685 
3.82000 3.89089 .07089 .01856 
3.82000 3.87287 .05287 .01384 
3.82000 3.84083 .02083 .00545 
3.82000 3.83665 .01665 .00436 
3.82000 3.84883 .02883 .00755 
3.82000 3.90830 .08830 .02311 
3.82000 4.05609 .23609 .06180 
4.82700 4.86204 .03504 .00726 
4.82700 4.96292 .13592 .02816 
4.82700 4.97319 .14619 .03029 
4.82700 4.94577 .11877 .02460 
4.82700 4.95057 .12357 .02560 
4.82700 4.92611 .09911 .02053 
4.82700 4.88925 .06225 .01290 
4.82700 4.92170 .09470 .01962 
4.82700 5.02642 .19942 . 04131 
4.82700 5.09680 .26980 .05589 
5.89200 5.97512 .08312 .01411 
5.89200 6.04579 .15379 .02610 
5.89200 6.06464 .17264 .02930 
5.89200 6.09456 .20256 .03438 
5.89200 6.01175 .11975 .02032 
5.89200 5.96265 .07065 .01199 
5.89200 6.02483 .13283 .02254 
5.89200 6.01220 .12020 .02040 
5.89200 6.19044 .29844 .05065 
6.84900 6.84359 -.00541 -.00079 
6.84900 6.95043 .10143 .01481 
6.84900 7.04549 .19649 .02869 
6.84900 7.06084 .21184 .03093 
6.84900 7.00707 .15807 .02308 
6.84900 6.94488 .09588 .01400 
6.84900 6.91724 .06824 .00996 
6.84900 7.02043 .17143 .02503 
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TABLE B.68. Submerged-Flow Accuracy Analysis for the 24 II X 
4.5' (Bennett) Cutthroat Flume by Using Final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
3.82000 3.86713 .04713 .01234 
3.82000 3.94498 .12498 .03272 
3.82000 3.95483 .13483 .03529 
3.82000 3.98223 .16223 .04247 
3.82000 3.98015 .16015 .04193 
3.82000 3.98952 .16952 .04438 
3.82000 3.95738 .13738 .03596 
3.82000 3.97608 .15608 .04086 
3.82000 4.00950 .18950 .04961 
3.82000 4.08848 .26848 .07028 
3.82000 4.25489 .43489 .11385 
4.82700 4.87168 .04468 .00926 
4.82700 5.00704 .18004 .03730 
4.82700 5.06355 . 23655 .04900 
4.82700 5.07289 .24589 . 05094 
4.82700 5.08627 .25927 .05371 
4.82700 5.09252 .26552 .05501 
4.82700 5.07343 .24643 .05105 
4.82700 5.14356 . 3 1656 .06558 
4.82700 5.27305 .44605 .09241 
4.82700 5.37632 .54932 .11380 
5.89200 6.02575 .13375 .02270 
5.89200 6.14422 .25222 .04281 
5.89200 6.21181 .31981 .05428 
5.89200 6.24650 .35450 .06017 
5.89200 6.21011 .31811 .05399 
5.89200 6.20107 .30907 . 05246 
5.89200 6.30202 .41002 .06959 
5.89200 6. 3 3047 .43847 .07442 
5 .89200 6.53672 .64472 .10942 
6.84900 6.88209 .03309 .00483 
6.84900 7.02853 .17953 .02621 
6.84900 7.18400 .33500 .04891 
6.84900 7 . 24800 .39900 .05826 
6.84900 7.24834 .39934 .05831 
6.84900 7.24831 .39931 .05830 
6.84900 7.27424 .42524 .06209 
6.84900 7.40610 .55710 .08134 
3.82000 3.86713 .04713 .01234 
3.82000 3.94498 .12498 .03272 
3.82000 3.95483 .13483 .03529 
3.82000 3.98223 .16223 .04247 
3.82000 3.98015 .16015 .04193 
3.82000 3.98952 .16952 .04438 
3.82000 3.95738 .13738 .03596 
3.82000 3.97608 .15608 .04086 
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(TABLE B.68. Continued) 
3.82000 4.00950 .18950 .04961 
3.82000 4.08848 .26848 .07028 
3.82000 4.25489 .43489 .11385 
4.82700 4.87168 .04468 .00926 
4.82700 5.00704 .18004 .03730 
4.82700 5.06355 .23655 .04900 
4.82700 5.07289 .24589 .05094 
4.82700 5.08627 .25927 .05371 
4.82700 5.09252 .26552 .05501 
4.82700 5.07343 .24643 .05105 
4.82700 5.14356 .31656 .06558 
4.82700 5.27305 .44605 .09241 
4.82700 5.37632 .54932 .11380 
5.89200 6.02575 .13375 .02270 
5.89200 6.14422 .25222 .04281 
5.89200 6.21181 .31981 .05428 
5.89200 6.24650 .35450 .06017 
5.89200 6.21011 .31811 .05399 
5.89200 6.20107 .30907 .05246 
5.89200 6.30202 .41002 .06959 
5.89200 6.33047 .43847 .07442 
5.89200 6.53672 .64472 .10942 
6.84900 6.88209 .03309 .00483 
6.84900 7.02853 .17953 .02621 
6.84900 7.18400 .33500 .04891 
6.84900 7.24800 .39900 .05826 
6.84900 7.24834 .39934 .05831 
6.84900 7.24831 .39931 .05830 
6.84900 7.27424 .42524 .06209 
6.84900 7.40610 .55710 .08134 
TABLE B.69. Free-Flow Accuracy Analysis for the 48" x 9.0' 
(Eggleston) Cutthroat Flume by Using Best-Fit 
Discharge Parameters. 
Qmeas Qbf Absolute Error Relative Error 
8.43000 8.40435 -.02565 -.00304 
12.45000 12.48373 .03373 .00271 
16.48000 16.67525 .19525 .01185 
35.70000 35.61623 -.08377 -.00235 
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TABLE B.70. Free-Flow Accuracy Analysis for the 48" x 9.0' 
(Eggleston) Cutthroat Flume by using final 
Discharge Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
8.43000 7.57080 -.85920 -.10192 
12.45000 11.30134 -1.14866 -.09226 
16.48000 15.15059 -1. 32941 -.08067 
35.70000 32.66817 -3.03183 -.08493 
TABLE B. 71. Submerged-Flow Accuracy Analysis for the 48" X 
9.0' cutthroat Flume by Using Best-Fit Discharge 
Parameters. 
Qmeas Qbf Absolute Error Relative Error 
9.17300 10.10207 .92907 .10128 
9.17300 9.33345 .16045 .01749 
9.17300 9.12550 -.04750 -.00518 
9.17300 9.10773 -.06527 -.00712 
9.17300 8.98204 -.19096 -.02082 
9.17300 8.96276 -.21024 -.02292 
9.17300 8.83016 -.34284 -.03738 
9.17300 9.40446 .23146 .02523 
9.17300 9.37193 .19893 .02169 
9.17300 8.85494 -.31806 -.03467 
28.92000 26.52163 -2.39837 -.08293 
28.92000 28.90343 -.01657 -.00057 
28.92000 28.26432 -.65568 -.02267 
28.92000 27.83970 -1.08030 -.03735 
28.92000 27.21950 -1.70050 -.05880 
28.92000 26.68926 -2.23074 -.07713 
28.92000 29.59602 .67602 .02338 
28.92000 29.13018 .21018 .00727 
TABLE B.72. Submerged-Flow Accuracy Analysis for the 48" x 
9. 0' Cutthroat Flume by Using Final Discharge 
Parameters. 
Qmeas Qfnl Absolute Error Relative Error 
9.17300 10.35162 1. 17862 .12849 
9.17300 9.28329 .11029 .01202 
9.17300 9.06758 -.10542 -.01149 
9.17300 8.70367 -.46933 -.05116 
9.17300 8.53093 -.64207 -.07000 
9.17300 8.16986 -1. 00314 -.10936 
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(TABLE B.72. Continued) 
9.17300 8.12211 -1.05089 -.11456 
9.17300 8.27982 -.89318 -.09737 
9.17300 8.31283 -.86017 -.09377 
9.17300 8.21835 -.95465 -.10407 
28.92000 26.63143 -2.28857 -.07913 
28.92000 26.92374 -1. 99626 -.06903 
28.92000 26.68265 -2.23735 -.07736 
28.92000 26.52092 -2.39908 -.08296 
28.92000 26.76415 -2.15585 -.07455 
28.92000 25.98774 -2.93226 -.10139 
28.92000 26.42571 -2.49429 -.08625 
28.92000 26.44718 -2.47282 -.08551 
